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Two hypotheses have been put forward to explain the large 
accumulation of organic acids in fruits: (a) organic acids are not 
formed in the fruit, but are translocated from the leaves to the 
fruits which would act merely as storage organs (1, 2); and (6) 
the presence of the organic acids in fruits is due to the conversion 
of carbohydrates to organic acids in the fruit vesicles and not to 
translocation from leaves (3, 4). 

Recent studies in this laboratory have shown the presence in 
the tissues of Citrus acida of the enzyme system concerned 
with synthesis of citric acid (5) and suggested that organic acids 
may generally be formed in the fruit itself. To investigate this 
question further, the levels of several enzymes likely to be in- 
volved in the formation and breakdown were studied in the fruit 
tissues of Garcinia (Xanthochymus guttiferae) at different stages 
of growth. 

An attempt was also made to purify three of these enzymes, 
namely, condensing enzyme, oxaloacetic carboxylase, and citric 
desmolase. The data on the partial purification of the condens- 
ing enzyme have already been reported (6) and those on the 
purification of the other two enzymes are reported in this paper. 

The results show that citric acid is formed from carbohydrate 
in Garcinia fruit tissue and suggest that its initial accumulation 
and subsequent disappearance are related to the changes in the 
activity of the condensing enzyme and other enzymes of the 
citric acid cycle. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Materials—The fruits, obtained from the University Botanical 
Garden, were collected during the same season. They were 
divided into groups of different sizes, each consisting of fruits of 
uniform size as determined equatorially by means of vernier 
calipers; the sizes chosen were 0.5, 1.5, 4.0, 4.5, 5.0 cm (unripe; 
green); and 5.0 cm (ripe; yellow), for enzyme studies. 

The number of fruits used in an experiment varied inversely 
with the fruit size, from 100 in the case of the smallest fruits to 
5 in that of the largest. Only fruits of the same size were used 
in a given experiment. 

Preparation of Tissue Homogenate for Chemical Analysis—The 
fruits were peeled and seeded, and the mesocarpal tissue was 
finely sliced. A known weight of the tissue was immediately 
homogenized in a Waring Blendor for 5 minutes with a known 
Volume of glass-distilled water and was then made up to the 
desired volume. The homogenates were thoroughly mixed and 
used for the estimation of protein; for estimation of citric acid 
and sugars, a known volume of the homogenate was filtered in a 
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vacuum through a Buchner funnel on Whatman No. 1 filter 
paper, washed with water, and made up to a suitable volume. 

Preparation of Tissue Extracts for Enzyme Studies—The sliced 
tissue was ground in a chilled mortar at 0° for 20 minutes, with 
half its weight of alumina (Alcoa, A-301, Aluminum Company 
of America) and twice the volume of 0.02 m potassium phosphate 
buffer, pH 7.2. The pH value of the homogenate was main- 
tained at 7.2 during grinding by adding drops of 6 N potassium 
hydroxide when necessary. The extract was recovered by cen- 
trifugation at 18,400 x g and 0° for 30 minutes. 

This extract was used directly for the assay of condensing 
enzyme, a-ketoglutaric oxidase, succinic dehydrogenase, fuma- 
rase, malic dehydrogenase, and oxaloacetic carboxylase and 
after dialysis for 8 hours, for the assay of citric desmolase. 

Preparation of Acetone Powder Extract—Freshly prepared 
fruits of the same size were peeled, seeded, and finely sliced in a 
cold room maintained at 0-4°. They were then weighed and 
blended with 10 volumes of cold (—10°) acetone for 1 minute in 
a Waring Blendor. After filtration on a Buchner funnel with 
suction, the material was powdered by hand, spread over a large 
surface, and allowed to dry at room temperature. It was passed 
through a sieve of 80 mesh and stored in a vacuum desiccator 
at 4°. The acetone powder was suspended in 10 volumes of 
0.02 m potassium phosphate buffer, pH 7.0, stirred for 10 min- 
utes at 0°, and the suspension centrifuged at 18,400 x g and 0° 
for 20 minutes. The supernatant solution was used for the 
assay of aconitase and isocitric dehydrogenase. 

Methods—Citric acid was estimated according to the method 
of Saffran and Denstedt (7), pyruvic acid by the method of 
Friedmann and Haugen (8), total sugar by the method of Hulme 
and Narain (9), and protein by the micro-Kjeldahl method. 

The tricarboxylic acid cycle enzymes, excepting succinic dehy- 
drogenase, were determined according to the methods described 
by Ramakrishnan (10), and Ramakrishnan and Martin (11), 
succinic dehydrogenase, by the method of Sreenivasamurthy 
and Swaminathan (12), oxaloacetic carboxylase, by that of 
Joshi and Ramakrishnan (18), and citric desmolase, by that of 
Wheat and Ajl (14). 

A unit of condensing enzyme is defined as the amount, which, 
under the conditions of the assay, catalyzes the synthesis of 1 
umole of citrate in 40 minutes at 30°; specific activity is defined 
as units per mg of protein. 

A unit of enzyme in the case of aconitase, isocitric dehydro- 
genase, fumarase, and malic dehydrogenase, is defined as the 
amount which causes a change in optical density of 0.001 per 
minute, at their respective wave lengths, and specific activity, as 
units per mg of protein. 
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A unit of enzyme in the case of a-ketoglutaric oxidase and 
pyruvic oxidase is defined as the amount which, under the condi- 
tions of the assay, causes a decrease of 0.001 in optical density 
at 600 my per minute, and specific activity, as units per mg of 
protein. 

A unit of succinic dehydrogenase enzyme activity is defined 
as the amount of enzyme, which, under the conditions of the 
assay, causes the reduction of 1 wgram of triphenyltetrazolium 
chloride, and specific activity is as usual. 

A unit of oxaloacetic carboxylase is defined as the amount of 
the enzyme, which, under the conditions of the assay, catalyzes 
the formation of 1 umole of pyruvate at 30° in 30 minutes, and 
specific activity is as mentioned above. 

In the case of citric desmolase, an enzyme activity is defined 
as the amount of enzyme, which, under the conditions of the 
assay, catalyzes the dissimilation of 1 umole of citrate at 37° in 
30 minutes, and specific activity is as before. 

To determine the reversible reaction catalyzed by oxaloacetic 
carboxylase, the enzymic synthesis of citrate from pyruvate was 
studied with the use of oxaloacetic carboxylase, condensing en- 
zyme, and pyruvic oxidase. This complete system was used 
since Kalnitsky and Werkman (15) have suggested that the 
energy required for the formation of oxaloacetate may come 
from the pyruvic oxidase system. 

The assay system contained phosphate buffer, pH 7.4, 20 
neutralized cysteine hydrochloride, 10 uwmoles; coen- 
zyme A, 12 units; diphosphopyridine nucleotide, 0.3 umole; 
magnesium chloride, 8 umoles; adenosine triphosphate, 8 umoles; 
cocarboxylase, 0.5 umole; pyruvate, 40 pmoles; oxaloacetic 
carboxylase preparation from Garcinia fruit, Fraction C, 3 units; 
pyruvic oxidase from pigeon breast muscle (fraction obtained 
in the purification Step 3) (16), 40 units; condensing enzyme 
preparation from Garcinia fruit, Fraction D, 10 units (6); and 
water to make the volume to 2.0 ml. The additions were made 
in test tubes kept in ice, after which the incubation was carried 
out at 30° for 1 hour; 0.5 ml of 25% trichloroacetic acid was 
then added, the protein was centrifuged, and citric acid and 
pyruvic acid were determined on the clear supernatant solutions. 

Chemicals—Oxaloacetate was prepared by the method of 
Roberts (17), coenzyme A by that of Lipmann et al. (18), lithium 
acetyl phosphate by that of Avison (19), calcium phosphate gel 
as described by Keilin and Hartree (20), and alumina gel Cy by 
the method described by Colowick (21). Transacetylase in the 
form of an ammonium sulfate fraction was prepared from cell- 
free extracts of Escherichia coli, N.R.C. 428, as described by 
Ramakrishnan and Martin (11). Other chemicals were com- 
mercial preparations. 

Isolation of Oxaloacetic Carboxylase—Fifty milliliters of the 
cell-free extract of fruits of 4.0-cm diameter (Fraction A) were 
mixed with 10.5 g of solid ammonium sulfate and the mixture 
was alowed to stand at 0-1° for 10 minutes. The precipitate 
was removed by centrifugation at 12,800 x g and 0° for 15 min- 
utes and dissolved in 17 ml of 0.02 m potassium phosphate 
buffer, pH 7.2 (Fraction B). To 17 ml of Fraction B was added 
1.785 g of solid ammonium sulfate and the precipitate obtained 
was discarded after centrifugation. To the supernatant fluid 
was added a further 1.785 g of solid ammonium sulfate and the 
mixture was allowed to stand at 0-1° for 15 minutes with occa- 
sional stirring. The precipitate collected by centrifugation at 
4,600 x g and 0° for 15 minutes was dissolved in 7 ml of 0.02 m 
potassium phosphate buffer of pH 7.2 (Fraction C). 
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Seven milliliters of Fraction C were added to the residue ob- 
tained after centrifugation of 3.5 ml of calcium phosphate gel 
(8 mg of dry weight per ml); the mixture was stirred frequently 
for 10 minutes and centrifuged at 4,600 x g and 0° for 15 min- 
utes. To the supernatant fluid (Fraction D) was added 0.5 
volume of alumina gel Cy (9 mg of dry weight per ml), and the 
mixture was allowed to stand for 10 minutes with occasional 
stirring. The gel was recovered by centrifugation at 4,600 x g 
and 0° for 15 minutes, eluted with 7 ml of 0.1 m potassium phos- 
phate buffer, pH 7.2, and the residue discarded after centrifuga- 
tion. The supernatant solution (Fraction E) thus obtained 
showed the highest specific activity (Table I). The stability of 
the enzyme at —10° decreased with increasing purification; the 
crude extract remained active for 1 month but Fraction E re- 
mained active for only 2 days. The enzyme was destroyed by 
heating for 30 minutes at 45°. 

Isolation of Citric Desmolase—Thirty milliliters of the cell-free 
extract of fruits of 5.0-em diameter were dialyzed against 0.02 
M potassium phosphate buffer, pH 7.0, for 8 hours in a cold 
room maintained at a temperature between 0-4°, to remove the 
citric acid present. The dialyzed extract was centrifuged in a 
Servall refrigerated centrifuge, at 287 X g and 0° for 10 minutes 
to remove denatured protein (Fraction A’). 

Thirty milliliters of the dialyzed extract (Fraction A’) were 
mixed with 6.3 g of solid ammonium sulfate and the precipitated 
protein was discarded after centrifugation at 4,600 x g and 0° 
for 10 minutes. To the supernatant solution were added 4.2 g 
of solid ammonium sulfate and the mixture was allowed to 
stand at 0-2° for 15 minutes. The precipitate was removed by 
centrifugation at 4,600 x g and 0° for 15 minutes. The residue 
was dissolved in 0.02 m potassium phosphate buffer to a volume 
of 8 ml (Fraction B’). 

Eight milliliters of Fraction B’ were then refractionated by the 


further addition of 0.28 g of solid ammonium sulfate and the | 


residue was recovered after centrifugation at 4,600 x g and 0° 
for 15 minutes. The residue was dissolved in 0.02 m potassium 
phosphate buffer to a volume of 3 ml (Fraction C’). 

Three milliliters of Fraction C’ were added to the residue ob- 
tained after centrifugation of 1.5 ml of calcium phosphate gel 
(8 ml of dry weight per ml). The mixture was stirred frequently 
for 10 minutes. The supernatant fluid (Fraction D’) thus ob- 
tained showed the highest specific activity (Table II). The 
stability of this enzyme is similar to that of oxaloacetic carboxyl- 
ase. 


RESULTS AND DISCUSSION 


The results of the chemical analyses of fruits with reference 
to total sugar, citric acid, and protein are represented in Fig. 1. 
The total activity per fruit was estimated for each enzyme at 
the four stages of development. For this purpose, the average 
tissue protein per fruit was calculated by dividing the total 
tissue protein by the number of fruits used in the experiment. 
The results are presented in Table III. 

The data in Fig. 1 show the reciprocal relation between change 
in acid and sugar content. This would indicate the transforma- 
tion of sugar to citric acid in the fruit tissue itself due to the 
presence of the requisite enzyme systems. The decrease in 
citric acid in the ripe fruit suggests the possibility that this stage 
may perhaps be characterized by the presence of an enzyme 
system which effects the partial breakdown of citric acid. 

It can be seen from Table III that the activities of the en 


frui 
whit 
whi 
den: 
incr 
mat 
the 
ase 
fruit 
tase 
box} 
of th 
acce 
take 
poss 
of o: 
creas 
of ci 
show 
eycle 
fruit 
tion 
the r 
Sti 
oxale 
isolat 
AC 
B. Fi 
C. Se 
D. Cs 
E. Al 
I 
A’. C 
BF 
& 
Be 


red by 
esidue 
rolume 


by the 


nd the | 


and 0° 


assium | 


lue ob- 
ate gel 
quently 
hus ob- 
). The 
rboxyl- 


eference 
1 Fig. 
zyme at 
average 
he total 
eriment. 


n change 
nsforma- 
e to the 
rease iN 
his stage 

enzyme 
d. 

the 


September 1961 


zymes studied change differentially with development of the 
fruit, the most striking changes being with regard to aconitase 
which ceases to be active in the later stages, and citric desmolase, 
which is active only in the mature ripe fruits. Also, the con- 
densing enzyme and malic dehydrogenase register an initial 
increase in the middle sized fruit followed by a decrease in the 
mature fruit, although not down to the original levels. Further, 
the total activities of pyruvic oxidase and oxaloacetic carboxyl- 
ase are significantly greater in the middle sized and mature 
fruits than in the young fruit. Although the absence of aconi- 
tase activity suggests a block in the operation of the tricar- 
boxylic acid cycle at the citrate level, the increase in the activity 
of the condensing enzyme suggests the formation of citrate at an 
accelerated pace, provided that a continuous supply of the pre- 
cursors for citrate synthesis, particularly the Cs precursor, can 
take place despite the block in the operation of the cycle. The 
possibility of such supply is indicated by the increased activity 
of oxaloacetic carboxylase. The appearance of a considerable 
amount of citric desmolase activity in the ripe fruit and the de- 
crease in the citric acid content suggests the partial breakdown 
of citric acid by the activity of this enzyme. These studies 
show that changes in the activities of the tricarboxylic acid 
cycle and certain other enzymes during the development of the 
fruit can account adequately for the formation and accumula- 
tion of citric acid in the middle sized fruit and the decrease in 
the ripe fruit. 

Studies carried out on the purification of citric desmolase and 
oxaloacetic carboxylase show that although citric desmolase 
isolated from Garcinia fruit resembles in its properties the en- 


TABLE I 


Partial purification of oxaloacetic carboxylase from fruit 
tissues of Garcinia* 


Fraction Volume Yield 
me 

A. Cell-free extract........ 50 102 | 200.0 0.5 | 100 

B. First (NH4)2SO, fraction} 17 59 13.6 4.4 58 
C. Second (NH4)2SOx, frac- 

7 35 3.5] 10.1 35 

D. Calcium gel supernatant.| 7 25 22) 1.7 24 

E. Alumina gel Cy eluate...| 7 25 0.8 | 30.3 24 

*40 g of fresh weight. 
TaBLe II 


Partial purification of citric desmolase from fruit tissues 
of Garcinia* 


Volume 
Total Total |S fi 

A. Cell-free extract.......| 30 109 | 141.0} 0.8 | 100 

A’. Cell-free extract. ...... 30 94 | 120.0} 0.8 86 

B’. First (NH4)2SO,fraction| 8 67 21.6 3.1 61 
C’. Second (NH,4)2SO, frae- 

3 62 4.5 | 13.8 57 

D’. Caleium gel supernatant) 3 50 2.4 | 20.2 46 


*20 g of fresh weight. 
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Fic. 1. Chemical composition of Garcinia at different stages 
of development. 


zyme detected in other tissues, oxaloacetic carboxylase seems to 
differ from that isolated from Micrococcus lysodeikticus (22) and 
pigeon liver (23) in not requiring a divalent ion for its activity. 
The observation that loss of oxaloacetic carboxylase activity due 
to dialysis for 8 hours against 0.02 m potassium phosphate can be 
restored to some extent by the addition of a supernatant solu- 
tion from the boiled Garcinia fruit extract, but not by the addi- 
tion of the ash of fruit extract, suggests that there may be some 
cofactor present in the tissue extract which is required for ac- 
tivity. Attempts made to find out the reversibility of the reac- 
tion catalyzed by means of the coupled system (Table IV) show 
that this enzyme may be similar to that isolated from M. lyso- 
deikticus and pigeon liver, and that it plays a role in the forma- 
tion of dicarboxylic acids. In the coupled reaction, the condi- 
tions are not optimal for all the enzymes, the pH of the assay 
system used being 7.0 with the result that the amount of citrate 
formed in the system is low. However, the formation of cit- 
rate in the coupled system, and the fact that omission of oxalo- 
acetic carboxylase results in an absence of citrate synthesis 
shows the reversible nature of oxaloacetic carboxylase when 
coupled with a suitable system. 


SUMMARY 


A reciprocal relation between the change in citric acid and 
sugar content was observed during the development of Garcinia 
fruit. The activities of the tricarboxylic acid cycle enzymes 
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TaBLeE III 
Total activities of certain enzymes in fruit tissues of Garcinia at 
four developmental stages 


(Expressed as enzyme units per fruit) 


Diameter of fruits 
Enzyme 

5.0 ; | 5.0 ; 

1.5 4.0 

cm cm cm cm 
Condensing enzyme......... 38 315 133 130 
Isocitric dehydrogenase..... 1050 1075 828 801 
a-Ketoglutaric oxidase...... 49 86 104 106 
Succinic dehydrogenase..... 27 38 32 45 
460 206 104 101 
Malic dehydrogenase.......| 810 3600 2880 2760 
Oxaloacetic carboxylase... . 15 71 80 95 
Pyruvic oxidase............ 98 141 113 109 
Citric desmolase............ 0 0 219 265 

TABLE IV 


Dependence of enzymic synthesis of citrate in coupled system on 
various components of system 


System Citrate formed d 
pmoles pumoles 
Complete 1.10 3.9 
Omit pyruvic oxidase.................. 0.00 0.0 
Omit oxaloacetic carboxylase.......... 0.08 2.6 
Omit condensing enzyme.............. 0.06 2.1 


change differentially with the development of the fruit, the most 
striking changes being with regard to aconitase which ceases to 
be active in the later stages, and citric desmolase which is active 
only in the mature fruits. Also, the condensing enzyme and 
malic dehydrogenase register an initial increase in the middle 
sized fruit followed by a decrease in the mature fruit, and the 
total activities of pyruvic oxidase and oxaloacetic carboxylase 
are significantly greater in the middle sized and mature fruits 
than in the young fruit. 

Although citric desmolase isolated from Garcinia fruit resem- 
bles that isolated from other sources, oxaloacetic carboxylase 
seems to differ in not requiring a divalent ion. 
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Oxaloacetic carboxylase effects the synthesis of citrate from 
pyruvate when coupled with pyruvic oxidase and condensing 
enzyme which suggests reversibility of the reaction catalyzed by 
oxaloacetic carboxylase. 
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Fractionation of rat mammary gland extracts by ion ex- 
change chromatography has led to the isolation of a new low 
molecular weight derivative of neuraminic acid. This com- 
pound appears to be a sulfuric ester of neuramin-lactose (1) and, 
therefore, the name neuramin-lactose sulfate is here proposed 
for it. Glands obtained from the first to the sixth day after 
delivery contained an average of 3.4 mg of neuramin-lactose 
and 0.23 mg of neuramin-lactose sulfate per g of fresh tissue. 


Selection of Starting Material and Isolation of Neuramin- 
lactose and Neuramin-lactose Sulfate 


Mammary glands of rat mothers 1 to 6 days after delivery 
were used. Heyworth and Bacon (2) found that the neuramin- 
lactose content of rat mammary glands was higher in the initial 
part of the lactation period, the decrease in the neuramin-lactose 
content being evident after the 12th day of lactation. This ob- 
servation was confirmed and a similar behavior was observed 
in another neuraminic acid derivative, eventually identified as 
NLS; which is absent in the extracts of glands after 18 days of 
lactation. It was also observed that the nucleotides increased 
with the progress of lactation; the nucleotides estimated by O.D. 
at 260 mu and by the ribose content of the extracts showed for 
the glands in the 18th day of lactation values about four times 
higher than those observed for glands in the first to the sixth 
day of the lactation period. These findings are in agreement 
with the studies on mammary gland ribonucleotides recently 
published by Wang and Greenbaum (3). 

The tissue was extracted with several volumes of hot water; 
this method has the disadvantage of the large final volume of 
extract, but was considered milder and less cumbersome than 
acid extraction, which requires the removal of the acid as a step 
previous to chromatography. Partial elimination of cations 
was achieved by treatment with Dowex 50W-H* which also 
accomplished an isoelectric precipitation of proteins. The resin 
used for the chromatographic fractionation was Dowex 1-X4- 
formate. Fig. 1 shows that a complete separation of neuramin- 
lactose and NLS is achieved by the method used. 

The eluate obtained with 0.1 mM formic acid contained 93 to 
%% of the total neuraminie acid, and it was found to be a 
mixture of three isomers of neuramin-lactose. After neutraliza- 
tion and elimination of ammonium formate by lyophilization, 


*Supported by grants-in-aid from the National Institutes of 
Health. 


' The abbreviation used is: NLS, neuramin-lactose sulfate. 
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the material was purified by extraction with methanol and 
precipitation with ether, followed by washings with ether, 
absolute ethanol, and acetone (1). The analyses of some prepa- 
rations obtained by this method showed that N-acetyIneuraminic 
acid and lactose accounted for 99% of the total dry weight. 
Mayron and Tokes (4) recently reported a preparation of 
neuramin-lactose from cow colostrum which was 95 to 100% 
pure according to the amount of hexose and sialic acid present. 

NLS was eluted as a sharp, symmetrical peak with 0.2 m 
ammonium formate in 4 m formic acid; the acid was eliminated 
with ether and the residual acidity neutralized. NLS is dialyzed 
slowly; this property was used for elimination of most of the 
ammonium formate. Approximately 35% of the total NLS is 
lost during this step; attempts to eliminate the ammonium for- 
mate by successive lyophilizations resulted in decomposition 
and possibly in polymerization, producing artifacts which led to 
erroneous conclusions about the structure of NLS in the early 
stages of these studies (5). The compound was further purified 
by precipitation with organic solvents. 

The product obtained appeared homogeneous in ionophoresis 
and paper chromatography with three solvents (Table III). 
The N-acetylneuraminic acid, lactose, and sulfate content ac- 
counted for 88°% of the total dry weight. 


Constituents of NLS 


Analyses of electrophoretically homogeneous preparations of 
NLS are shown in Table I; the ratio of N-acetylneuraminic acid 
to lactose to sulfate is 1.26:1:0.96. The analysis of the glycoly] 
group gave negative results. The value of the acetyl content is 
somewhat low and compatible with the presence of only one 
acetyl group; this suggested that the neuraminic acid was the 
N-acetyl derivative. NLS did not show absorption of ultra- 
violet light at wave lengths between 230 and 330 my; at shorter 
wave lengths the preparation analyzed had terminal absorption 
identical to that of neuramin-lactose. 

To obtain the neuraminic acid moiety from NLS, the latter 
was hydrolyzed under mild acid conditions and the products of 
hydrolysis fractionated by ion exchange chromatography; the 
fractions containing neuraminic acid were lyophilized and then 
crystallized from a  water-methanol-ether-petroleum ether 
mixture (6). Chromatography of the neuraminic acids from 
neuramin-lactose and NLS with n-butanol-n-propanol-0.1 N 
HCl] (Solvent 4) showed that both acids had an Rr = 0.45 
which corresponds to N-acetylneuraminie acid (7). Chroma- 
tography with three other solvents (Solvents 5, 6, and 7) also 
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Fig. 1. Ion exchange chromatography of neuraminie acid de- 
rivatives (shaded area) and soluble nucleotides from extracts of 
rat mammary glands. Ordinates: For N-acetylneuraminic acid, 
O.D. at 580 my for the Svennerholm reaction (an O.D. of 0.450 
corresponds to approximately 50 ug of \V-acetylneuraminic acid 
per ml). For nucleotides, O.D. at 260 mu. Fraction volume, 110 
ml. F. A., formic acid; A. F., ammonium formate. 


failed to show any differences and the x-ray diffraction patterns 
were identical (Fig. 2). 

The first indication that the sugar in NLS is lactose came from 
the observation that complete hydrolysis of the compound 
(Fig. 3.1) produced galactose and glucose in equivalent amounts 
as determined from the paper chromatograms by the methed of 
Aronson (8). The characterization of lactose presented a some- 
what more difficult problem because the sulfate ester linkage 
proved to be more stable to acid hydrolysis than the galactosy| 
linkage of lactose. Conditions were obtained, however, in 
which about 10° of the original hexose could be isolated and 
characterized as lactose by paper chromatography in three 
solvents (Table III) and by ionophoresis with borate buffer 
(Buffer 2). Qualitative analysis for sulfur in NLS was positive. 
The quantitative determination of sulfate in the acid hydrolysate 
of NLS disclosed one sulfate per mole of lactose (Tables I and 
II). Analyses for phosphate, uronic acids, and amino acids gave 
negative results. 
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Linkage of Components 

The observation that NLS moves twice as fast as neuramin- 
lactose (Table III) when subjected to ionophoresis with acetate 
buffer at pH 4.65 (Buffer 1) was the first indication of the presence 
of two acidic groups in the new compound. This was con- 
firmed by neutralization of the free acid form (obtained by 
passage through Dowex 50 ion exchange resin) which required 2 
equivalents of base per mole. From this, it was concluded that 
the carboxylic group of the neuraminic acid is free and that only 
one acid of the sulfate group is esterified. 

The presence of a neuraminyl linkage was shown by the 
extreme acid lability characteristic of this linkage and by the 
study of NLS after reduction with borohydride. Free N- 
acetylneuraminic acid reduced with borohydride failed to give 
any color with the Bial reagent, whereas after reduction of 
either NLS or neuramin-lactose the Bial reaction of both com- 
pounds remained unchanged. 

Additional evidences for the presence of neuraminyl! and 
galactosyl linkages in NLS were obtained from studies of the 
compound’s reducing properties. Aldoses were determined with 
hypoiodite (10); in the best preparations of NLS, the amounts 
of hypoiodite consumed were only slightly higher than those of 
neuramin-lactose and of lactose (Table IV), indicating the pres- 
ence of one reducing group in the molecule of NLS. The 
chromatogram of the hydrolyzed aldonic derivative of NLS 
showed galactose as the remaining hexose (Fig. 3B), thus indi- 
cating that the reducing group was on the glucose moiety which 
was converted into gluconic acid by the hypoiodite treatment. 
This interpretation was supported by the results of the anthrone 
reaction with the borohydride reduction products of NLS which 
showed a decrease in hexose content compatible with the reduc- 
tion of glucose (Table IV). 
ured with the Somogyi-Nelson reagent is similar to that of neur- 
amin-lactose and somewhat lower than that of 
lactose (Table IV). 


The reducing power of NLS meas- 


standard 


TABLE I 


Analyses of preparations of neuramin-lactose, NLS and lactose sulfate 


N-Acetylneuraminic 


ach 
o |mole/mole 
’ of lactose 
Neuramin-lactose 3 41.0 43.1 1.16 
50.9 46.0 1.00 
NLS 34.3 40.0 1.31 
5 40.3 42.3 4.37 
8 38.2 43.8 1.26 
9 32.4 39.1 1.33 
Lactose-sulfate 2 0.0 


Nitrogen® Acetyl Sulfate Acid equivalents 
mole/mole mole/mole | Per mole 
oe of N-ace- orb of N-ace- o jmole/mole Per mole | of N-ace- 
tylneura- tylneura- | of lactose | of lactose | tylneura- 
minic adid minic acid | | |minic acid 
2.01 1.08 0.934 
7.89 1.23 1.08 1.03 
2.34 1.29 
2.09 1.05 10.7 0.96 2.19 1.79 
3.44 0.63 
0.97 


« Ammonium ions were eliminated by aereation of the alkalinized solutions before performing these analyses. 


> Analyzed by Schwarzkopf Microanalytical Laboratories. 

¢ Figures taken from Trucco and Caputto (1). 

4 Another dissociable group with pK 8.95 was reported (1). 
ammonium salt of neuramin-lactose. 


It was later found that the titration curve reported corresponds to the 
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Fic. 2. X-ray diffraction patterns of N-acetylneuraminic acid from NLS (left) and neuramin-lactose (right). 


A study of the products of mild acid hydrolysis of NLS indi- 
cated that the sulfate group is linked to the lactose moiety of 
the molecule. In a typical experiment, a sample of NLS was 
hydrolyzed under mild conditions, and the hydrolysate was 
fractionated by ion exchange chromatography on Dowex 1- 
formate. Three fractions (Fig. 4) were obtained: a) small 
amounts of hexoses not retained by the resin which on paper 
chromatography (Fig. 5) showed spots corresponding to lactose, 
galactose, and glucose, b) N-acetylneuraminic acid which was 
eluted with 0.3 m formic acid, and c) the remaining hexoses 
which were eluted with 2.5 mM formic acid. This last material 
was lyophilized and analyzed (Table I) showing one mole of 
sulfate per mole of lactose, whereas the Bial reaction was nega- 
tive. 

A study of the products of the progressive hydrolysis of NLS 
with 0.5 N sulfuric acid gave additional information cn the 
position of the sulfate group. In the chromatogram shown in 
Fig. 3A, a spot can be seen at the level of the unhydrolyzed 
NLS. The area and color intensity of this spot decreased as 
the time of hydrolysis increased. In front of this spot is another 
that becomes maximal after 5 minutes of hydrolysis and almost 
completely vanishes after 120 minutes. The lactose spot ap- 
peared in all hydrolysates, and showed its maximum after 
hydrolysis for 20 and 60 minutes. A grayish zone in the upper 
part of this spot (undetectable in the white and black reproduc- 
tion of the chromatogram) indicated the presence of another 
substance with slightly less mobility than lactose; this substance 
appeared in maximal amounts in the 120-minute hydrolysate. 


Trace amounts of glucose appeared after 5 minutes of hydrolysis 
and increased progressively, whereas galactose appeared for the 
first time in the 60-minute hydrolysate and was present in 
amounts of the same order as gluccse in the 120-minute hy- 
drolysate. Because the neuraminy] linkage is more labile than 
the galactosy] linkage, this delay in the release of galactose has 
been attributed to the persistence of the linkage between galac- 
tose and sulfate. The heterogeneity of the lactose spot ob- 
served in partition chromatography of the hydrolysates of NLS 
was confirmed by ionophoresis. A sample of NLS was _ hy- 
drolyzed for 30 minutes and chromatographed. The lactose 
spot was eluted end then subjected to ionophoresis with borate 
buffer, pH 9.2 (Buffer 2). Spots corresponding to lactose and 
to an unidentified compound with a mobility higher than that 
of glucose were seen (Table III). The unknown compound is 
being analyzed on the assumption that it is galactose sulfate. 
Lloyd and Dodgson (11) have reported that the infrared 
spectra of sugar sulfates show a band of strong absorption at 
1240 cm! associated with the S-O stretching vibration; the 
O-sulfate esters in position 6 also show a band at 820 em. 
Suzuki and Strominger (12) have found that the infrared spec- 
trum of V-acetylgalactosamine 6-sulfate shows the bands men- 
tioned by Lloyd and Dodgson and also a band at 992 em—. 
The infrared spectrum of NLS (Fig. 6) was run with a sample 
that was estimated to be 85% pure and peaks were cbserved in 
the three areas mentioned above with their maxima at 1220 
em-!, 986 and 816 cm-!. These three peaks were ab- 
sent in the infrared spectrum of neuramin-lactose. The in- 
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TIME OF HYDROLYSIS (MINUTES) 
20 60 120 
Fig. 3. A, Chromatogram of NLS and its products of hydrolysis 


with 0.5 N sulfuric acid. Fourth column from the left shows a 
mixture of standard lactose, galactose, and glucose. B, Chroma- 
togram of the aldonie derivative of NLS hydrolyzed for 2 hours 
with 0.5 N sulfuric acid. The chromatograms were developed with 
Solvent 2. 


formation obtained concerning the structure of NLS can be 
summarized in the formula shown in Fig. 7. No definite po- 
sition can yet be assigned for the glycosidic linkage between 
N-acetylneuraminie acid and_ lactose-sulfate. However, the 
similarity of the reducing power of neuramin-lactose and NLS 
favors galactose as the place of attachment. 


EXPERIMENTAL PROCEDURE 

Extraction and Ion Exchange Chromatography—Inguinal and 
pectoral mammary glands from Sprague-Dawley albino rats 
killed 1 to 6 days after they had delivered were pooled and 
stored in the frozen state. In a typical experiment, a batch of 
860 g¢ of the frozen tissue was divided in small pieces, placed in 
a mixture of ether and Dry Ice, and then ground in a precooled 
corn grinder. The powder was extracted six times with distilled 
water at 85 to 90° for 3 minutes, cooled, and strained through 
cheesecloth. Dowex 50W-H* was added to the pooled extracts 
(total volume, 15 liters) until a pH of 4.4 was obtained. The 
liquid was decanted, and the resin was washed twice with small 
amounts of distilled water. The extract and the washings were 
pooled, left overnight in the cold room, and then centrifuged for 
5 minutes at 350 xX g in a refrigerated centrifuge; the layer of 
lipids was discarded, and the liquid was decanted and filtered 
through Whatman No. 12 filter paper. The slightly opalescent 
filtrate was neutralized with concentrated ammonium hydroxide 
and allowed to stand overnight in the cold room during which 
time a precipitate formed. The supernatant was decanted and 
filtered. 
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The extract was chromatographed on Dowex 1-X4-formate 
(200 to 400 mesh); this resin was previously used by Heimer 
and Meyer (13) for the isolation of neuramin-lactose from the 
dialyzable fraction of cow colostrum. The column used was 
4 x 45cm. The elution was done with the following solutions: 
15.4 liters of 0.1 m formic acid; 11.6 liters of 1 m formie acid; 13 
liters of 4 m formic acid; and 8 liters of 0.2 mM ammonium for- 
mate in 4 m formie acid. Higher concentrations of formate 
did not elute additional neuraminic acid-containing material. 

Isolation and Purification of Neuramin-lactose—The eluate 
obtained with 0.1 m formie acid contained a total of 2.86 ¢ of 
neuramin-lactose. This solution was neutralized to pH 55 
with concentrated ammonium hydroxide and divided in batches 
of 5 liters each which were frozen and processed separately. Most 
of the ammonium formate was eliminated by successive lyo- 
philizations with a freeze-dry apparatus (American Instrument 
Company, Inc., Silver Spring, Maryland) with capacity for 7.5 
liters. After the first lyophilization of a batch of 5 liters, a 
dry residue of 8 g was left. This material was dissolved in 500 
ml of distilled water and lyophilized. The residue was_ taken 
up with 100 ml of distilled water and lyophilized for the third 
time, leaving a residue of approximately 1 g. The neuramin- 
lactose was dissolved 150 ml of distilled water, and after 
eliminating any insoluble residue by centrifugation, the solution 
was passed through a column containing 20 ml of Dowex 50W- 
H*, in the cold room. The resin was washed with 50 ml of 
distilled water. The solution and the washings were combined 
and lyophilized at once. Neuramin-lactose was extracted re- 
peatedly from the lyophilized preparation with 5 ml portions of 
absolute methanol. The neuramin-lactose (in 50 ml of methanol 
solution) was precipitated by addition of 150 ml of anhydrous 
ether. The mpeniggny was centrifuged, and the sediment was 
washed twice with 25 ml of ether, three times with 25 ml of 
absolute ethanol, and finally three times with 25 ml of anhy- 
drous acetone. After elimination of the residual acetone in a 
vacuum over silica gel, 700 mg of neuramin-lactose, were re- 
covered. 

The material was subjected to two additional purifications 
using the method described, but reducing the volumes to one 
half. In the product so obtained the N-acetylneuraminic 
acid and lactose contents accounted for 98% of the total dry 
weight. However, paper chromatography with ethyl] acetate- 
pyridine-water (Solvent 1) gave 3 spots. Most of the material 
appeared in a spot which had a mobility identical to that of the 
compound originally called neuramin-lactose (1). The other 
two spots had slower mobilities (Table III). The ratios of N- 


TaBLeE II 

Rate of hydrolysis of sulfate group of NLS 
The equivalent of 0.5 umole of lactose was hydrolyzed with 1 ml 
of 0.1 Nn HCl and the liberated sulfate, determined by the method 
of Dodgson and Spencer (9). 


Theoretical* 


Time of hydrolysis Sulfate 
% 
30 min. 4.4 9.2 
1 hr. 9.3 19.4 
5 hrs. 25.2 52.5 
24 hrs. 47.4 98.8 


a » The theoretical value is 48 of 
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TaBLe IIT 
Chromatographic and ionophoretic mobilities of neuramin-lactose, NLS, and its products of hydrolysis 


Values in parentheses correspond to standard substances. 
cedure”’ under ‘‘Chromatographic and Ionophoretic Techniques.” 


For the composition of solvents and buffers see ‘‘Experimental Pro- 


Paper chromatography Ionophoresis 
Compound 
Solvent 1 | Solvent 2 Solvent 3 Solvent 4 Buffer 1 Buffer 2 
Rolucose Rr cm 

Neuramin-lactose................... 0.29 | 0.13 9.4 
Neuramin-lactoge,.................. 0.21 
0.17 
0.50 (0.52) | 0.45 (0.51) 0.342 (0.34) 2.0 9.7 (10.0) 
0.88 (0.88)° | 0.83 (0.86) 0.432 (0.43) 
N-Acetylneuraminic acid............ | 0.45 
Unidentified compound............. | | 26.6 


2 Values from a chromatogram of NLS hydrolysate, after elimination of glucose with glucose oxidase (see under ‘‘Characterization 


of Galactose and Glucose’’). 
> As obtained from hydrolyzed standard lactose. 


acetylneuraminic acid to lactose were 1.01 for neuramin-lactose, 
1.17 for neuramin-lactose, and 1.29 for neuramin-lactose.; the 
latter was present in trace amounts. 

Kuhn and Brossmer have isolated two isomeric forms of 
neuramin-lactose from human milk and cow colostrum (14), and 
they have also reported the characterization of mono and di- 
acetyl derivatives (15). The possible relationship between these 
and those from rat mammary gland have not yet been studied. 

Isolation and Purification of NLS—The NLS obtained from 
the column was found in eight 107 ml fractions eluted with 0.2 
M ammonium formate in 4 m formic acid. Each fraction was 
immediately extracted five times with one volume of ether to 
remove the formic acid. The fractions were pooled, and the 
residual acidity was neutralized to pH 6 (approximately 25 ml of 
concentrated ammonium hydroxide were used). The analysis 
of the neutralized solution showed 181 mg of NLS in a volume of 
710 ml. The solution was dialyzed at 4° for 3.5 hours against 
1420 ml of distilled water which were renewed every 30 minutes. 
The dialyzed solution containing 119 mg of NLS was lyophilized, 
and the dry residue (approximately 600 mg) was dissolved in 
15 ml of distilled water and lyophilized again. The dry material 
obtained weighed 228 mg and contained 116 mg of NLS, which 
were extracted with 4 small portions of absolute methanol; 
the insoluble residue was separated by centrifugation and NLS 
was precipitated from the methanol solution (6 ml) by addition 
of 18 ml of anhydrous ether. The suspension was centrifuged, 
and the sediment was washed three times with 2 ml of ether 
followed by identical washings with absolute ethanol and an- 
hydrous acetone. The material was dried in a vacuum over 
silica gel. Analysis of this preparation showed that it was 70% 
pure. Repeating this purification with organic solvents increased 
the purity to 88%. 

Isolation of N-Acetylneuraminic Acid—The method used is a 
combination of those published by Svennerholm (16) and by 
Warren (17). A sample of 50 mg of NLS, 83% pure, was 
hydrolyzed in 5 ml of 0.05 n sulfuric acid at 80°for 1 hour. The 
solution was cooled and neutralized to pH 6 with a saturated 
solution of barium hydroxide. The precipitate was centrifuged 
off and the supernatant solution was passed through a Dowex 


TABLE IV 


Studies of lactose, neuramin-lactose and NLS with oxidizing and 
reducing reagents 


Relative reducing power 
Hexoses not 
Compound reduced by, 
Hypoiodite borohydride’ 
% % 
Neuramin-lactose............ 84.0 103.4 39.6 


* Percentage of the O.D. at 620 my in preparations after reduc- 
tion with reference to the original compound analyzed by the 
anthrone reaction. 


1-formate column (1 X 15 cm). The column was washed with 
100 ml of distilled water, then with 100 ml of 0.05 m formic acid, 
and finally N-acetylneuraminic acid was eluted with 100 ml of 
0.3 mM formic acid. The fractions containing N-acetylneuraminic 
acid were pooled, lyophilized, redissolved in a small amount of 
water and crystallized from water-methanol-ether-petroleum 
ether by the technique described by Zilliken and O’Brien (6). 
N-Acetylneuraminic acid from neuramin-lactose was prepared 
by the same procedure. Approximately 70% yields of crystalline 
N-acetylneuraminic acid were obtained. 

Hydrolysis of NLS—Samples of NLS containing the equivalent 
of 1 umole of lactose were hydrolyzed in 0.5 ml of 0.5 n sulfuric 
acid at 100° for 5 minutes, 20 minutes, 1 hour, and 2 hours, 
respectively. The tubes were cooled in ice-water, neutralized 
with a saturated solution of barium hydroxide, and the precipi- 
tate centrifuged off. The hydrolysates were analyzed by 
paper chromatography with isoamyl alcohol-pyridine-0.1 
HCl (Solvent 2) (Fig. 3A). 

Characterization of Galactose and Glucose—Galactose and 
glucose were characterized by paper chromatography of NLS 
hydrolysates; the material was hydrolyzed for 2 hours as described 
above and the chromatograms were developed with Solvents 
1, 2, and 3 (Table III). The hydrolysates of NLS showed the 
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raphy of the mild acid hydroly- 
sis products of NLS. Ordinates\For hexoses (stippled areas), 
O.D. at 620 my for the anthrone reaction. For N-acetylneura- 
minic acid (shaded area); O.D. at 580 my for the Svennerholm re- 
action. 


Fic. 4. Ion exchange chromat 


L GAL GLU 


Fig. 5. Chromatogram of the neutral sugars present in a sam- 
ple of NLS hydrolyzed with acetic acid. 1, Standard sugars: L, 
lactose; GAL, galactose; and GLU, glucose. 2, Sugars not re- 
tained by Dowex 1-formate (Fig. 4). The chromatogram was 
developed with Solvent 1. 


expected oxygen uptake in the presence of glucose oxidase 
(18); the products of oxidation analyzed by paper chromatog- 
raphy with Solvents 1 and 3 showed galactose as the only re- 
maining monosaccharide. 

Characterization of Lactose—A sample of NLS containing the 
equivalent of 5 umoles of lactose was hydrolyzed in 1.5 ml of 
0.5 N sulfuric acid at 100° for 30 minutes. The solution was neu- 
tralized with barium hydroxide, centrifuged, and the super- 
natant solution, distributed in 5 spots, was chromatographed 
on paper with isoamy! alcohol-pyridine-0.1 N HCl (Solvent 2). 
A guide strip was sprayed and the 4 remaining spots with Re 
0.51 (standard lactose Re 0.53) were eluted, mixed with 0.5 
umole of standard glucose, and subjected to ionophoresis with 
borate buffer, pH 9.2 (Buffer 2). Results are shown in Table 
Ill. 

In another experiment, 6 wmoles of NLS were hydrolyzed 
and the sulfuric acid removed as described in the previous 
experiment. The material was distributed in 6 spots on paper 
and subjected to ionophoresis with acetate buffer, pH 4.65 
(Buffer 1). A guide strip was sprayed and the rest of the paper 
was cut transversally in order to separate the acidic compounds 
from the neutral sugars remaining near the origin. The portion 
of the paper containing the neutral sugars and standard sugars 
was attached to a new piece of filter paper, and they were 
subjected to ionophoresis with borate buffer, pH 9.2 (Buffer 2). 
A guide strip of hydrolysate showed a spot at the level of lactose. 
This zone of the four remaining samples was eluted and the 
borate removed by the method of Zill, Khym, and Cheniae 
(19). The material obtained was mixed with standard glucose 
and chromatographed with ethy! acetate-pyridine-water (Solvent 
1), showing the same Rg as standard lactose (Table III). 

Isolation of Lactose-Sulfate—A sample of 6.5 mg of NLS was 
hydrolyzed in 2.5 ml of 1 N acetic acid at 100° for 1 hour; the 
solution was cooled and the acetic acid eliminated by evaporation 
under reduced pressure over sodium hydroxide. The material 
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was dissolved in 2.5 ml of distilled water, passed through a 
column (1 X 15 em) of Dowex 1-formate, and the column washed 
with 90 ml of distilled water. About 7% of the hexose was not 
retained by the resin (Fig. 4). The effluents obtained with 80 
ml of 0.05 m formic acid gave negative reactions for both hexose 
and neuraminiec acid. All the N-acetylneuraminic acid, with no 
hexose contamination, was eluted with 130 ml of 0.3 mM formie 
acid. The effluents obtained with increasing concentrations of 
formic acid (80 ml of 0.5 mM; 100 ml of 1 mM; 110 ml of 1.5 M, and 
170 ml of 2 m), failed to show either neuraminic acid or hexose, 
Lactose-sulfate was eluted with 100 ml of 2.5 m formic acid. 
Higher concentrations of eluent up to 0.2 M ammonium formate 
in 4 m formic acid did not elute any hexose or neuraminic acid 
derivatives. The neutral hexoses were lyophilized and analyzed 
by paper chromatography (Fig. 5) with ethyl acetate-pyridine- 
water (Solvent 1) and by ionophoresis with borate buffer, pH 
9.2 (Buffer 2); these analyses showed a mixture of lactose and 
trace amounts of galactose and glucose. 

The fractions containing lactose-sulfate were lyophilized to 
eliminate the formic acid. The material was analyzed by the 
anthrone method and the equivalent of 0.5 umole of lactose, 
hydrolyzed for 17 hours in 1 ml of 4 N HC] at 100°, was used for 
the determination of sulfate (Table I). 

Identification of Reducing Hexose—The aldonic derivatives 
were prepared by hypoiodite oxidation as follows: samples 
containing the equivalent of 1.5 mg of lactose were dissolved in 
3 ml of distilled water and placed in a ground glass-stoppered 
test tube; 3 ml of 0.02 n iodine solution and 0.3 ml of 5% sodium 
carbonate solution were added, and the tubes were incubated 
for 30 minutes in a water bath at 21°. The solutions were 
acidified with 1 ml of 0.5 N sulfuric acid, and the remaining 
iodine was removed by three successive extractions with 1 
volume of chloroform. To eliminate the iodide ions, an excess 
of solid silver sulfate (45 mg) was added and the suspension was 
vigorously shaken. The material was centrifuged, and _ the 
supernatant solution was decanted and neutralized with a 
saturated solution of barium hydroxide to eliminate sulfate 
ions. After centrifugation, the supernatant solution was 
passed through a column (5 X 70 mm) of Dowex 50W-H* and 
the volume of the eluate adjusted to 15 ml with distilled water. 
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Fic. 6. Infrared spectra of neuramin-lactose (upper curve) and 
NLS (lower curve). 
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Fic. 7. Tentative structure of NLS. 
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Aldonic derivative solution, 2 ml, was placed in a glass-stoppered 
test tube with 0.5 ml of 2.5 N sulfuric acid and hydrolyzed for 
Zhours at 100°. The solutions were neutralized with a saturated 
solution of barium hydroxide and centrifuged. Analysis by 
paper chromatography with isoamyl alcohol-pyridine-0.1 N 
HCl (Solvent 2) showed only a spot of galactose (Fig. 3B) when 
NLS, neuramin-lactose, or standard lactose were used. Reduc- 
tion with borohydride was performed by a micromodification of 
the method of Linker, Meyer, and Hoffman (20). Samples of 
reduced and nonreduced material were analyzed with the 
anthrone reaction. Table IV shows the results of these deter- 
minations. 

Analytical Methods—Neuraminic acid was determined by 
the Bial and Ehrlich reactions as described by Werner and 
Odin (21). The determinations of neuraminic acid derivatives 
in the eluates of the columns were made by the method of 
Svennerholm (22). Spectral analyses of the colors developed 
with these three reagents showed identical curves for neuramin- 
lactose and NLS. Solutions containing 0.3 mg of either neur- 
amin-lactose or NLS in 2 ml of 0.1 N sodium hydroxide did not 
show absorption at 262 muy; after these solutions were heated for 
1 hour at 100°, they showed a strong absorption peak with a 
maximum at 262 my indicating formation of 2-carboxypyrrole 
(16) from N-acetylneuraminic acid; these solutions gave a pos- 
itive reaction with the Ehrlich reagent at room temperature 
(23). 

Lactose was determined by the anthrone reaction. Samples 
containing from 50 to 100 ug of lactose in 3 ml of water were 
chilled in ice-water for 15 minutes, and 6 ml of a 0.2% solution 
of anthrone in concentrated sulfuric acid were added; after 
mixing, the tubes were placed in a boiling water bath for 10 
minutes, cooled in ice-water for 5 minutes, and left at room 
temperature for another 5 minutes before reading at 620 mu. 

Nitrogen was determined by the Kjeldahl method in ammo- 
nium-free specimens. The determination of free aldoses was 
done with a micromodification of the hypoiodite method of 
Macleod and Robison (10). For the identification of sulfur, 
1 umole samples of NLS were mineralized with metallic sodium, 
and the sulfide formed was detected with nitroprusside or lead 
acetate reagents. For the determination of sulfate, samples of 
NLS containing the equivalent of 0.5 umole of lactose were 
hydrolyzed in 3 ml of 4 N hydrochloric acid at 100° for 17 hours 
and dried over sodium hydroxide. The residue was dissolved in 
1 ml of distilled water and the sulfate content determined by 
the benzidine method of Dodgson and Spencer (9). 

Infrared spectra were done with the technique of the potassium 
bromide pellet. The spectra were recorded with a Perkin- 
Elmer model 21 spectrophotometer. 

The test of the 2,7-dihydroxynaphthalene was used for the 
investigation of glycolyl groups (24). Ribose was analyzed by 
the method of Mejbaum (25). 

In the titration experiment, a sample of 40 mg of 85% pure 
NLS was decationized by passage through a 5- X 70-mm column 
of Dowex 50W-H* and lyophilized. The dry residue was 
dissolved in 4 ml of glass-redistilled water and titrated potentio- 
metrically with 0.0885 n KOH. After titration, the solution of 
NLS was analyzed by the Bial and the anthrone reactions; the 
moles of KOH consumed are shown in Table I. 

Chromatographic and Ionophoretic Techniques—Paper chro- 
matograms were developed by descending irrigation on Whatman 
No. 1 filter paper, with the following solvents: Solvent 1, ethyl 
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acetate-pyridine-water (10:5:6) (1); Solvent 2, isoamy! alcohol- 
pyridine-0.1 n HCl (4:4:2) (26); Solvent 3, phenol (80 g)-water 
(20 ml); Solvent 4, n-butanol-n-propanol-0.1 N HCI (1:2:1) (7); 
Solvent 5, n-butanol-pyridine-0.1 n HCl (5:3:2) (26); Solvent 6, 
n-butanol-acetic acid-water (4:1:5) (27); Solvent 7, n-butanol- 
pyridine-water (3:2:1.5) (27). Ionophoresis was performed on 
Schleicher and Schuell No. 598 paper with the following buffers: 
Buffer 1, 0.1 M ammonium acetate-acetic acid, pH 4.65; Buffer 
2, 0.05 m borax, pH 9.2 (28). The ionophoretic analyses were 
run for 5 hours at 375 volts; the instrument used was of the 
horizontal type with water cooling (Research Equipment 
Corporation, model E-800-2). The papers were sprayed with 
benzidine reagent (29). 


SUMMARY 


The fractionation of rat mammary gland extracts by ion 
exchange chromatography on Dowex 1-formate is described. 
The isolation of a new neuraminic acid derivative is reported; 
this substance was called neuramin-lactose sulfate to account 
for the presence of N-acetylneuraminic acid, lactose, and sulfate, 
which are responsible for 88% of the dry weight in the best 
preparation obtained. The mobility on ionophoresis and the 
neutralization experiment showed the presence of two acidic 
groups in the molecule. 

Lactose sulfate was isolated from the products of acid hydroly- 
sis of neuramin-lactose sulfate; furthermore, preliminary evidence 
was obtained that the point of attachment of the sulfate group 
is on the galactose moiety. 

Analyses of the derivatives of neuramin-lactose sulfate 
obtained by oxidation with hypoiodite or reduction with boro- 
hydride showed complete recovery of neuraminic acid and galac- 
tose whereas glucose was absent; these results showed that the 
reducing group is on the glucose moiety and proved the presence 
of a neuraminy] and a galactosy] linkage. 

An average of 0.23 mg of neuramin-lactose sulfate and 3.4 mg 
of neuramin-lactose per g of tissue was found in glands excised 
from the first to the sixth day after delivery; both compounds 
disappeared towards the end of the lactation period. 


Acknowledgements—The authors wish to thank Dr. M. L. 
Wolfrom and Dr. A. Thompson (of The Ohio State University) 
for the x-ray diffraction patterns; to Mrs. K. 8. Tang and Mr. T. 
Stanley for their assistance in part of the work; and to Dr. P. B. 
McCay for his criticism during the preparation of this manu- 
script. 


REFERENCES 


1. Trucco, R. E., anp Caputro, R., J. Biol. Chem., 206, 901 
(1954). 

2. Heywortu, R., ano Bacon, J.S. D., Biochem. J., 66, 41 (1957). 

3. Wana, D. Y., AND GREENBAUM, A. L., Biochem. J., TT, 552 
(1960). 

4. Mayron, L. W., ano Toxgs, Z. A., Biochim. et Biophys. Acta, 
45, 601 (1960). 

5. CARUBELLI, R., Caputro, R., anp Trucco, R. E., Abstr., Meet- 
ing of Am. Chem. Soc., September, 1960, p. 19D. 

6. ZILLIKEN, F., aNp O’Brien, P. J., in H. A. Larpy (Editor), 
Biochemical preparations, Vol. 7, John Wiley and Sons, Inc., 
New York, 1960, p. 1. 

7. SVENNERHOLM, E., AND SVENNERHOLM, L., Nature (London), 
181, 1154 (1958). 

. Aronson, M., Arch. Biochem. Biophys., 39, 370 (1952). 

. Dopeson, K.S8., AND SPENCER, B., Biochem. J., 55, 436 (1953). 

. Mac.eop, M., Rostson, R., Biochem. J., 28, 517 (1929). 


oo 0 


La 
not 

80 

i | 


2388 


i. 
12. 
13. 


Luoyp, A. G., Dopason, K. S., Nature (London), 184, 548 
(1959). 

Suzuxi, S., AND StrominGER, J. L., J. Biol. Chem., 235, 2768 
(1960). 

Hemmer, R., anp Meyer, K., Biochim. et Biophys. Acta, 27, 
490 (1958). 


. Kuun, R., Naturwissenschaften, 46, 43 (1959). 

. Kuun, R., aNp BrossMsR, R., Chem. Ber., 89, 2013 (1956). 

. SVENNERHOLM, L., Acta Soc. Med. Upsaliensis, 61, 75 (1956). 
. WarreEN, L., J. Clin. Invest., 38, 755 (1959). 

. Kerurn, D., AND Harrres, E. F., Biochem. J., 42, 230 (1948). 
. Zu, L. P., Kuym, J. X., anp Cuentaz, G. M., J. Am. Chem. 


Soc., 76, 1339 (1953). 


20. Linker, A., MEYER, K., AND HorrMaN, P., J. Biol. Chem., 219, 


13 (1956). 


Isolation of Neuramin-Lactose Sulfate 


8B BN RR RBS 


Vol. 236, No. 9 


. Werner, I., anv Op1n, L., Acta Soc. Med. Upsaliensis, 57, 230 


(1952). 


. SVENNERHOLM, L., Biochim. et Biophys. Acta, 24, 604 (1957). 
. GoTTscHALK, A., Arch. Biochem. Biophys., 69, 37 (1957). 
. Fetey, F., Spot tests, Vol. II, Organic applications, Ed. 4, 


Elsevier Publishing Company, Amsterdam, 1954, p. 249. 


. Mespaum, W., Z. physiol. Chem., 258, 117 (1939). 


BourRILuLon, R., AND Micuon, J., Bull. Soc. Chim. Biol., 41, 
267 (1959). 

Bux, G., LinpBere, E., Opin, L., anp WERNER, I., Acta 
Soc. Med. Upsaliensis, 61, 1 (1956). 


. ConsvEN, R., anp StanrEr, W. M., Nature (London), 169, 78 


(1952). 


. Bacon, J. 8. D., aNnp EpELMAN, J., Biochem. J., 48, 114 (1951), 


The | 
tion 
conve 
phosp 
that t 
5/-dip 
conce: 
tion a 


Che 
(Sigm 
GDP- 
prepa 
deseri 


Tue J 
14 
15 
16 
17 
18 
19 
of ca 
phosy 
show! 
| GDP- 
The 
| were § 
| TP) 
Good: 
| the pr 
of H3 
| | a and 
moniu 
12657 
| of enz 
a units | 
assay, 
| cataly 
TPNE 
Ana 
sorbed 
washe 
can Sc 
April 1 


Tur JOURNAL oF BroLoaicaL CHEMISTRY 
Vol. 236, No. 9, September 1961 
Printed in U.S.A 


Studies on the Biosynthesis of Guanosine 
Diphosphate 1L-Fucose* 


Victor GINSBURG 


From the National Institute of Arthritis and Metabolic Diseases, National Institutes of Health, 
United States Public Health Service, Bethesda 14, Maryland 


(Received for publication, March 15, 1961) 


An enzyme preparation from Aerobacter aerogenes is capable 
of carrying out the multistep conversion of guanosine 5’-di- 
phosphate-p-mannose to guanosine 5’-diphosphate-L-fucose as 
shown in Equation 1 (1, 2). 


GDP-p-mannose + TPNH + Ht > 
GDP-t-fucose + TPN + H:.O (1) 


The kinetics of reduced triphosphopyridine nucleotide oxida- 
tion suggested that guanosine 5’-diphosphate-p-mannose was 
converted to intermediates before reduction by reduced tri- 
phosphopyridine nucleotide (2). Subsequent studies revealed 
that the intermediates could be chemically reduced to guanosine 
5'-diphosphate-6-deoxyhexoses (3). The present paper is 
concerned with the nature of the intermediates and the forma- 
tion and identification of the reduction products. 


EXPERIMENTAL PROCEDURE 


Chemicals—GDP-mannose was a commercial preparation 
(Sigma Chemical Company) isolated from bakers’ yeast and con- 
taining approximately 8% of a GDP-aldoheptose (4). The 
GDP-aldoheptose, however, was not metabolized by the enzyme 
preparation and did not appear to interfere with the experiments 
described in this paper. 

The rare 6-deoxyhexoses used as chromatographic standards 
were gifts from Professor T. Reichstein. 

TPNH? was kindly supplied by Dr. G. Popj4k and Dr. D. S. 
Goodman, who prepared it by the chemical reduction of TPN in 
the presence of H.8O (5). It contained 270,000 c.p.m. per umole 
of H? which was assumed to be equally distributed between the 
a and 6 positions. The figure given in Table V is therefore 
135,000 c.p.m. per ymole. 

Enzyme Preparation—The enzyme preparation was an am- 
monium sulfate fraction prepared from A. aerogenes (ATCC 
12657) as described in a previous publication (2). The amounts 
of enzyme used in the individual experiments are expressed as 
units of enzymic activity as measured by a spectrophotometric 
assay. A unit is defined as that amount of activity which will 
catalyze the GDP-p-mannose-induced oxidation of 1 umole of 
TPNH per hour under specified conditions (2). 

Analysis of GDP-linked Sugars—The GDP-sugars were ad- 
sorbed on charcoal which was then washed with water. The 
washed charcoal was suspended in 0.01 n HCl and heated at 100° 
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for 10 minutes, thereby releasing the GDP-linked sugars. The 
charcoal was removed by centrifugation and the supernatant 
solution was deionized with Amberlite MB-3 resin. The sugars 
in the deionized solution were identified by paper chromatography 
and specific chemical tests as described. AgNO; reagent (6) 
was used to visualize the sugars after chromatography. Quanti- 
tative determinations were carried out by eluting appropriate 
areas of the chromatograms with water and estimating the sugar 
content of the eluate by reducing value (7) or by the specific 
colorimetric assay for 6-deoxyhexoses (8). 

Chromatography of Nucleotides—The nucleotides were separated 
by paper chromatography with ethanol - neutral ammonium 
acetate solution (9) as a solvent. The nucleotides from incuba- 
tion mixtures were partially purified before chromatography by 
adsorption on charcoal followed by elution with 50% ethanol 
containing 0.1% concentrated NH,OH. Omission of the char- 
coal step resulted in poorer resolution of the nucleotides without 
altering the qualitative or quantitative aspects of the resulting 
ultraviolet light-absorbing bands. 


RESULTS AND DISCUSSION 


Formation of Intermediates—The transformation of GDP-p- 
mannose to GDP-t-fucose by enzyme preparations from A. 
aerogenes requires TPNH. In the absence of TPNH, the GDP- 
D-mannose is converted to intermediates on the pathway of 
GDP-t-fucose formation. The disappearance of GDP-p-man- 
nose can be followed either by chromatography of the nucleotides 
present in the incubation mixture at various times or by estimat- 
ing the mannose liberated on mild acid hydrolysis after adsorp- 
tion of the nucleotides on charcoal. Neither of these methods, 
however, reveals the nature of the intermediates in the con- 
version process. Chromatography of the sugars liberated by 
mild acid hydrolysis showed only decreasing amounts of mannose 
without the concomitant appearance of any well defined prod- 
ucts. Chromatography of the nucleotides at various times 
during the incubation likewise showed a decreasing amount of 
ultraviolet-absorbing material with the chromatographic proper- 
ties of GDP-p-mannose. However, the appearance of a new 
ultraviolet-absorbing compound in the GDP area of the chromat- 
ogram could be seen. This compound was indistinguishable 
from GDP by chromatography or electrophoresis. As shown 
by the following experiment, it is most likely GDP and is an 
artifact arising from the breakdown of the intermediates during 
the isolation procedure. GDP-p-mannose, 1.4 yumoles, was 
incubated with 5 units of enzyme in 10 ml of 0.02 m Tris buffer, 
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pH 8.0, at 22° for 1 hour. The incubation mixture was then 
placed in a boiling water bath for 20 seconds and the denatured 
protein discarded by centrifugation. Chromatography and 
analysis of the nucleotides in an aliquot of the supernatant 
solution revealed a virtual disappearance of GDP-p-mannose 
and the appearance of GDP. However, when the remainder of 
the supernatant solution was reincubated with fresh enzyme and 
excess TPNH, oxidation of TPNH occurred without the usual 
lag that is given with GDP-p-mannose as substrate (2), and 
analysis of the nucleotides in the incubation mixture revealed 
mainly GDP-.-fucose and only a small amount of GDP. As 
neither authentic GDP nor the GDP isolated from the incubation 
mixtures gives rise to GDP-t-fucose when incubated with TPNH 
and the enzyme, it would appear that the actual intermediates 
are labile and are degraded to GDP during isolation. 

Formation of GDP-6-Deoxyhexoses by Chemical Reduction of 
Intermediates—In attempts to make stable derivatives from 
which the nature of the intermediates could be deduced, an 
incubation mixture of GDP-p-mannose and enzyme was treated 
with H» and rhodium catalyst. It was found that this treatment 
could replace TPNH in that a GDP-6-deoxyhexose was produced. 
However, as previously reported (3), the GDP-6-deoxyhexose 
formed was not GDP-t-fucose; as it liberated 6-deoxymannose 
and an unidentified 6-deoxyhexose on mild acid hydrolysis. 
This 6-deoxyhexose, which is the predominant reduction product, 
has now been identified as 6-deoxytalose. In some experiments, 
trace amounts of two additional sugars were detected. 

In a typical preparation, 1.7 umoles of GDP-p-mannose were 
incubated for 2 hours with 4 units of enzyme at 22° in 10 ml of 
0.02 m Tris buffer, pH 8.0. The incubation mixture was then 
placed in boiling water for 20 seconds, and the denatured protein 
was removed by centrifugation. Rhodium catalyst (6% Rh on 
alumina powder, Baker and Company, Inc., Newark, New 
Jersey), 30 mg, was added, and H2 was bubbled through the solu- 
tion for 30 minutes. Charcoal, 15 mg, was then added, and the 
mixture of charcoal and catalyst was collected by centrifugation. 
After being washed with two 10 ml aliquots of water, the nucleo- 
tides were eluted from the charcoal and catalyst with 50% ethanol 
containing 0.1% concentrated NH,OH. The GDP-6-deoxy- 
hexose was then separated by chromatography from the remain- 


TABLE 
Conditions necessary for formation of GDP-6-deoxyhexose 


GDP-p-mannose, 0.06 umole, was incubated with 0.5 unit of 
enzyme in 1.0 ml of 0.02 m Tris, pH 8.0, for 1 hour at 22°. The 
reaction mixture was then placed in boiling water for 20 seconds, 
and the denatured protein was removed by centrifugation. 
Rhodium catalyst, 10 mg, was added, and H2 was bubbled through 
for 30 minutes. Charcoal, 8 mg, was added, and the mixture of 
charcoal and catalyst was collected by centrifugation. The sedi- 
ment was washed twice with water and then suspended in 1.0 ml 
of 0.01 n HCl and heated at 100° for 10 minutes. The 6-deoxy- 
hexose released into solution was then determined colorimetrically 


(8). 
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TaBLeE II 
Chemical analysis of GDP-6-deoxyhexose 


The results are expressed as micromoles per umole of guanosine, 
The guanosine in the nucleotide was calculated from ultraviolet 
absorption data assuming an €260 of 11.7 (10). 


Test Results 
umoles 
Acid-labile phosphorus (11). 
6-Deoxyhexose (8), as fucose....................0.. 1.2 
Reducing value (7), ae fuce0se. ...... 0.6 
Reducing value (7), as fucose, after hydrolysis for 10 
minutes at. 100° im HCl... ... 1.0 
TaB_e III 
Chromatographic properties of 6-deoryhexoses formed by chemical 
reduction 
Solvent 1 is pyridine-ethyl acetate-water, 1.0:3.6:1.15 (14); 


Solvent 2 is 2-butanone-acetic acid-saturated boric acid solution, 
9:1:1 (15); Solvent 3 is water-saturated 2-butanone (16); Solvent 
4 is butanol-ethanol, 4:1, saturated with 0.2 m sodium borate 
buffer, pH 8.94 (16). With Solvent 4, the filter paper was first 
impregnated with borate buffer. The mobilities of the various 
sugars are given relative to 6-deoxymannose which is taken as 1.0. 
The figure in parentheses is taken from the paper of Kraus et al. 
(16). 


Solvent 
6-Deoxyhexose 
1 2 3 4 
6-Deoxygalactose (fucose)....| 0.6 0.5 0.6 
6-Deoxyglucose.............. 0.8 0.8 0.9 
6-Deoxygulose...............| 0.9 1.0 
6-Deoxymannose............ 1.0 1.0 1.0 1.0 
6-Deoxyallose................ (1.4) 
6-Deoxyaltrose.............. 1.4 4 
6-Deoxytalose..............| 1.6 2.1 2.0 0.7 
6-Deoxyidose...............| 1.7 2.0 2.0 0.4 
Unknows 1.6 2.1 2.0 0.7 
1.0 1.0 0 


ing GDP-p-mannose, the GDP-heptose, and the GDP that is 
formed during the incubation. The yield of GDP-6-deoxyhexose 
was 0.6 umole calculated spectrophotometrically as guanosine 
(10). Incubation with the enzyme, addition of catalyst, and H; 
are all necessary for the formation of GDP-6-deoxyhexose as 
shown in Table I. 

Characterization of GDP-6-Deoxyhexoses—The isolated nucleo- 
tide was identified as a mixture of GDP-6-deoxyhexoses by 
the following evidence. 

(a) During paper chromatography in ethanol-neutral ammo- 
nium acetate the nucleotide migrated faster than GDP-p-man- 
nose and had the same mobility as GDP-.-fucose (2). The 
isolated material exhibited an ultraviolet absorption spectrum 
typical of a guanosine derivative. It reacted in the specific 
colorimetric test for 6-deoxyhexoses (8) to produce a chro 
mophore with an absorption spectrum identical to that given by 
authentic fucose. A chemical analysis is given in Table Il. 


The reducing value exhibited before hydrolysis presumably | 


reflects the lability of the nucleotide under alkaline conditions, 
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(b) Treatment of the isolated nucleotide with 0.01 n HCl for 
10 minutes at 100° liberated free sugars and changed the chro- 
matographic properties of the guanosine derivative from that of a 
fast-running compound to one that cochromatographed with 
GDP. Longer hydrolysis led to the formation of a second 
guanosine derivative that cochromatographed with GMP. 

(c) Chromatographic analysis of the sugars liberated by 
hydrolysis usually revealed only two sugars, both of which ex- 
hibited the characteristic 6-deoxyhexose reaction (8). These 
were identified as 6-deoxytalose and 6-deoxymannose from the 
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Fic. 1. Proposed pathway for the biosynthesis of GDP-.- 
fucose. AR represents GDP that is linked to the sugars by its 
terminal phosphate. J is GDP-4-keto-6-deoxy-p-mannose, // is 
GDP-4-keto-6-deoxy-L-galactose. 
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Fig. 2. o-Phenylenediamine reaction exhibited by an incuba- 
tion mixture of GDP-p-mannose and enzyme. GDP-p-mannose, 
0.84 umole, was incubated with 0.24 unit of enzyme in 3.0 ml of 
0.02 m Tris buffer, pH 8.0, at 22° for 8 hours. The incubation mix- 
ture was placed in boiling water for 20 seconds, and the denatured 
protein was discarded by centrifugation. To 0.66 ml of the super- 
natant solution was added 0.34 ml of 2.5% o-phenylenediamine 
hydrochloride and the resulting solution was heated at 100° for 1 
hour. The absorption spectrum of the solution was then compared 
with an incubation mixture at 0 time treated in the same fashion. 
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TaBLe IV 


Correlation between o-phenylenediamine reaction exhibited by 
incubation mixtures and amount of GDP-6-deoryhexose 
formed by chemical reduction 

GDP-p-mannose, 8.4 umoles, was incubated with 3.5 units of 
enzyme in 30 ml of 0.02 m Tris buffer, pH 8.0, at 22°. At various 
times, 3.0 ml aliquots were drawn and placed in a boiled water 
bath for 20 seconds. The denatured protein was then removed 
by centrifugation. As described in the legend of Fig. 2, 0.66 ml 
of the supernatant solution was reacted with o-phenylenediamine 
reagent. To the remainder of the supernatant solution were 
added 30 mg of rhodium catalyst, and He was bubbled through for 
30 minutes. Charcoal, 8 mg, was added and the mixture of char- 
coal and catalyst collected by centrifugation and washed twice 
with 10 ml of water. The charcoal and catalyst mixture was then 
suspended in 1.0 ml of H.0, adjusted to pH 2 with 1 n HCl, and 
heated for 10 minutes at 100°. The amount of 6-deoxyhexose 
released into solution was then determined colorimetrically (8). 


Incubation time 6-Deoxyhexose formed 
hours ODas pmoles 
1 | 0.23 0.04 
2 | 0.52 0.08 
+ | 0.68 0.10 
9 0.80 0.11 


data given in Table III. Additional evidence for the identity 
of 6-deoxytalose was supplied by demonstrating chromato- 
graphically the formation of a spot corresponding to fucose after 
epimerization of the isolated sugar with 0.05 m phosphate buffer, 
pH 7.4, at 100° for 1 hour. The ratio of 6-deoxytalose to 6- 
deoxymannose was approximately 12:1. This ratio was not 
affected by varying the time of incubation before chemical 
reduction. In some experiments, trace amounts of two addi- 
tional sugars were detected in the hydrolysate. Their chro- 
matographic properties with Solvent 1 (Table III) were similar 
to fucose and 6-deoxyglucose, but their low concentrations pre- 
cluded further characterization. The amounts of these trace 
sugars were estimated to be generally less than 5% of the total 
6-deoxyhexose liberated from the nucleotide by hydrolysis. 

It would appear then that the GDP-6-deoxyhexose formed by 
chemical reduction is mainly GDP-6-deoxytalose with a small 
amount of GDP-6-deoxymannose. It is possible, however, that 
in some cases traces of GDP-fucose and GDP-6-deoxyglucose are 
also formed. 

Nature of Intermediates—The constant ratio of GDP-6-de- 
oxytalose to GDP-6-deoxymannose and the fact that they are 
C-4 epimers suggest that these compounds arise from the reduc- 
tion of a single intermediate, GDP-4-keto-6-deoxy-p-mannose 
(Compound I, Fig. 1). Because of the trace reduction products 
mentioned above, it is tempting to postulate the presence of a 
second intermediate, GDP-4-keto-6-deoxy-t-galactose (Com- 
pound II). However, the existence of Compound II in the in- 
cubation mixture is by no means certain, and if it does exist, it 
must be present in low concentration. 

Evidence that GDP-p-mannose is converted into a keto deriv- 
ative is furnished by the o-phenylenediamine test of Lanning and 
Cohen (17). This test for a-keto acids was found by Bernaerts 
and de Ley (18) to be valuable for 3-keto sugars which gave 
absorption peaks in the neighborhood of 350 my. Although 
compounds analogous to Compound I are not availabe for com- 
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TABLE V 
Formation of GDP-t-fucose with TPN H* 

GDP-p-mannose, 0.6 umole, was incubated with 0.5 unit of 
enzyme in 3.0 ml of Tris buffer, pH 8.0, for 1 hour at 22°. TPNH, 
0.6 umole, was added, and incubation was continued for 6 hours. 
L-Fucose, 11.2 wg, was isolated by paper chromatography after 
adsorption of the nucleotides on charcoal followed by mild acid 
hydrolysis. A portion of the L-fucose was assayed for H*-activity, 
and the remainder was diluted with 30 mg of unlabeled L-fucose. 
The t-fucose was then treated with periodate, and the acetalde- 
hyde formed from C-5 and C-6 was isolated as its crystalline dime- 
don derivative (19). The acetaldehyde dimedon was then as- 
sayed for H®-activity. A correction was applied for the dilution 
by unlabeled u-fucose. 

All radioactivity counting was done by means of a liquid scin- 
tillation counter. The samples were dissolved in a solution with 
the following composition: H,0, 0.2 ml; ethanol, 1.8 ml; and 8.0 
ml of toluene containing 400 mg of 2,5-diphenyloxazole and 5 mg 
of 1,4-di[2-(5-phenyloxazolyl)] benzene per 100 ml (20). 

| 


Compound | Radioactivity 
c.p.m./pmole 
Acetaldehyde dimedon..................... | <800 


parison, it is reasonable to assume that 4-keto sugars would 
exhibit a similar reaction. When GDP-p-mannose was incubated 
with the enzyme, the accumulation of a compound exhibiting 
this reaction was found. The spectrum given by an incubation 
mixture in this test has an absorption maximum at 345 mu as 
shown in Fig. 2. A correlation between the accumulation of the 
o-phenylenediamine-reacting compound and the amount of 6- 
deoxyhexose that can be produced by chemical reduction is given 
in Table IV. From the observed correlation it is probable that 
the compound responsible for the o-phenylenediamine reaction is 
indeed the intermediate formed from GDP-p-mannose. 

Experiments with Tritiwm—Incubation of GDP-p-mannose 
and TPNH? with the enzyme preparation resulted in the forma- 
tion of tritium-labeled GDP-t-fucose. The t-fucose was iso- 
lated and its specific activity determined. The L-fucose was 
then treated with periodate and the acetaldehyde arising from 
C-5 and C-6 was isolated as its crystalline dimedon derivative 
and its specific activity determined. As shown in Table V, the 
acetaldehyde arising from the labeled L-fucose contained vir- 
tually no activity. As it has been demonstrated that no ex- 
change of hydrogen with the medium occurs under the conditions 
leading to the formation of acetaldehyde dimedon (21), it follows 
then that C-5 and C-6 of the L-fucose did not contain significant 
amounts of tritium. The lower specific activity of the L-fucose 
in comparison to TPNH! is probably attributable to isotope 
selection. 

When the experiment described in Table V was repeated with 
in place of TPNH* as a source of the t-fucose formed 
also became labeled. However, in this case 20% of the H® of 
the t-fucose was recovered in the dimedon derivative (H.%0, 
71,000 ¢.p.m. per umole; t-fucose, 9,100 ¢c.p.m. per pmole; 
acetaldehyde dimedon, 1,800 c.p.m. per umole). 

Effect of DPN on Conversion of GDP-p-Mannose to GDP-1- 
Fucose—DPN stimulates the formation of GDP-t-fucose from 
GDP-p-mannose as shown in Fig. 3. It can be seen that DPN 
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increases the maximal rate attained by the reaction without 
decreasing the lag period. This would indicate that DPN exerts 
its effect at an early step in the conversion process. It is prob- 
able that this early step is involved in the formation of GDP-4- 
keto-6-deoxy-D-mannose by analogy to the finding of Kornfeld 
and Glaser (22) that DPN stimulates the formation of TDP-4- 
keto-6-deoxy-p-glucose, which they find to be an indermediate in 
the conversion of TDP-p-glucose to TDP-t-rhamnose (23-25), 
However, direct evidence for this is lacking. 

Pathway for Biosynthesis of GDP-1-Fucose—A provisional 
pathway is presented in Fig. 1 that is consistent with the data 
obtained although it is evident that many uncertainties remain, 
It is possible, for example, that the actual intermediates are 
tautomers of the compounds depicted in Fig. 1. Even if it be 
assumed that this is the correct pathway, the mechanism of 
formation of Compound I from GDP-p-mannose is still to be 
determined. This conversion involves a reduction at C-6 and an 
oxidation at C-4 of GDP-p-mannose. The experiment with 
HO makes it probable that this oxidation-reduction is intra- 
molecular as one might expect to find much more H? in C-5 and 
C-6 than was actually found if the hydrogens on C-6 were 
supplied by water. This would suggest a possible function for 
DPN as a mediator for intramolecular hydrogen transfer. 

The conversion of I to II involves an inversion of configuration 
at C-3 and C-5. This transformation could be carried out by 
ene-diol formation in which case H* from H3O might be expected 
to be incorporated into C-3 and C-5. 

Compound II could be stereospecifically reduced by TPNH 
directly to GDP-t-fucose. This would be consistent with the 
fact that no sugars other than p-mannose or L-fucose were 
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Fig. 3. Effect of DPN on the conversion of GDP-p-mannose to 
GDP-t-fucose. Curve A, incubation mixture containing 0.2 umole 
of TPNH and 0.07 unit of enzyme in 1.0 ml of 0.02 m Tris buffer, 
pH 8.0. Curve B, the same incubation mixture containing i 
addition 0.1 umole of DPN. The reactions were started by the 
addition of 0.14 umole of GDP-p-mannose. The curves represent 
the difference in optical density between the incubation mixtures 
and controls minus GDP-p-mannose as described previously (2). 
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detected in reaction mixtures (2). Presumably, the 4-keto-6- 
deoxyhexose is unstable when released from the nucleotide by 
acid hydrolysis and escapes chromatographic detection. The 
H?-labeled L-fucose that was formed with the use of TPNH? did 
pot contain H in either the C-5 or C-6 position. This result is 
also consistent with a reduction of II, which would introduce 
H? into the C-4 position. 

It is hoped that work now in progress on the purification of the 
enzymes involved will provide more information on the validity 
of the proposed pathway. 


SUMMARY 


Evidence is presented that guanosine 5’-diphosphate 4-keto-6- 
deoxy-D-mannose is an intermediate in the conversion of guano- 
sine 5’-diphosphate D-mannose to guanosine 5’-diphosphate L- 
fucose by an enzyme preparation from Aerobacter aerogenes. A 
pathway for the biosynthesis of guanosine 5’-diphosphate L- 
fucose is proposed that is consistent with the available data. 
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In the mammalian organism the liver is one of the main organs 
involved in the metabolism of galactose and in the conversion 
of galactose to glucose. The efficient and rapid removal of 
galactose from the circulation by the liver constitutes the basis 
of a sensitive test of liver function, the galactose tolerance test. 
Stenstam (1) in 1946 and, more recently, Tygstrup and Winkler 
(2) demonstrated that the administration of ethanol to normal 
human subjects produced prompt and striking impairment in 
the hepatic removal of galactose from the circulation. Stenstam 
noted these changes after the ingestion of as little as 5 to 25 ml 
of ethanol. 

In an attempt to elucidate the mechanism of this inhibitory 
effect of ethanol on galactose metabolism by the liver, we have 
studied the influence of ethanol on the oxidation of galactose- 
1-C™ to C™Oz in the soluble fractions of rat liver homogenates. 
It was observed that the inhibitory effect of ethanol was de- 
pendent on the oxidation of ethanol and the concomitant gener- 
ation of reduced diphosphopyridine nucleotide. The latter in- 
hibits uridine diphosphate galactose 4-epimerase, a key enzyme 
in the galactose-glucose interconversion. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Preparation of Rat Liver Homogenates and Incubation System— 
Female Sprague-Dawley rats (Charles River Breeding Labora- 
tories, Inc., Boston, Massachusetts) weighing between 150 and 
250 g were fasted overnight, killed by cervical dislocation, and 
the livers removed. Liver homogenates (1:1, weight per vol- 
ume) were prepared in ice-cold 0.15 m KCl and 0.05  nicotin- 
amide with a Dounce homogenizer with a clearance of 0.5 to 1.0 
mm. The soluble fraction was then obtained by centrifugation 
at 105,000 x g in a Spinco preparative ultracentrifuge. The 
standard incubation medium used in the experiments consisted 
of 80 umoles of potassium phosphate buffer, pH 7.4, 10 umoles 
of ATP, 10 uwmoles of MgCle, and 0.3 umole of galactose-1-C'* 
(specific activity 0.8 weurie per umole). The protein in the 
soluble fraction of liver homogenates was measured by the biuret 
method (3). The amount of protein added to each incubation 
was usually in the range of 50 mg. The total volume of the 
incubation medium, including all subsequent additions, was 1.6 
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ml. Incubations were carried out in an atmosphere of 95% 0, 
and 5% CO: in the outer chamber of rubber-capped 25-ml Erlen- 
meyer flasks with a center well. The flasks were agitated in a 
Dubnoff shaking incubator for 1 hour at 37°. The reaction was 
stopped by injecting 0.25 ml of 10 n H2SO, through the rubber 
cap. One milliliter of Hyamine-10X, prepared according to 
Eisenberg (4), was then injected into the center well and the 
flasks again agitated for 30 minutes in order to trap the evolved 
C“O.. The Hyamine-C“O, was transferred quantitatively with 
toluene into 5-ml volumetric flasks. A 2-ml aliquot was then 
counted in a liquid scintillation spectrometer as described pre- 
viously (5). The counting efficiency was 38%. 

In experiments involving hemolysates of human erythrocytes, 
the cells used were obtained by centrifugation of freshly drawn 
heparinized blood. The cells were washed twice with 5 volumes 
of ice-cold 0.15 m KCl and 0.05 m nicotinamide and then resus- 
pended in an equal volume of the KCl-nicotinamide solution. 
The cells were hemolyzed by rapid freezing and thawing. 

Enzymes and Substrates; Enzyme Assays—Galactokinase was 
prepared from a rat liver soluble fraction by the method of 
Cardini and Leloir (6) and the enzyme activity was measured 
by the conversion of C'-labeled galactose to C1*-galactose 1-phos- 
phate. The latter was isolated on a Dowex 1-Cl column as pre- 
viously described (7). Galactose 1-phosphate uridy] transferase 
was prepared from beef liver acetone powder and assayed by the 
method of Kurahashi and Anderson (8). UDP-galactose 4-epi- 
merase was prepared from beef liver acetone powder according 
to the procedure described by Maxwell (9). For the assays to 
be described below, enzyme Fraction 4 of Maxwell (9) was used 
since we found this fraction to be free of alcohol dehydrogenase. 
UDP-glucose dehydrogenase, used in the assay of 4-epimerase, 
was prepared according to Strominger et al. (10). UDP-glucose 
pyrophosphorylase was prepared from rat liver and assayed 
according to Mills, Ondarza, and Smith (11). Phosphogluco- 
mutase was prepared from rabbit muscle according to Najjar 
(12) and assayed spectrophotometrically by the formation of 
TPNH (8). Glucose 6-phosphate dehydrogenase from yeast 
(with minimal hexokinase and 6-phosphogluconic dehydrogenase 
activity) was obtained from Sigma Chemical Company, 5. 
Louis, Missouri. A purified preparation of glucose 6-phosphate 
dehydrogenase from human erythrocytes was a gift of Dr. Paul 
A. Marks. 6-Phosphogluconic dehydrogenase was obtained 
from the Sigma Chemical Company. The latter enzymes wert 
also assayed spectrophotometrically (13, 14). DPN and DPNH 
were assayed with yeast alcohol dehydrogenase with methy! 
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ethyl ketone-induced fluorescence according to Ciotti and Kaplan 
15). 

- alcohol dehydrogenase, lactic dehydrogenase, ATP, 
DPN, DPNH, TPN, galactose 1-phosphate, UDP-glucose, and 
UTP were all obtained from the Sigma Chemical Company. 
UDP-galactose was prepared as described by Maxwell (9). 
Galactose-1-C (specific activity, 0.8 wcurie per umole) was 
purchased from the National Bureau of Standards. 


RESULTS 


Effect of Ethanol on Galactose-1-C'* Oxidation by Rat Liver 
Preparations—In experiments with the 105,000 x g supernatant 
fraction of rat liver homogenates, it was consistently observed 
that the addition of ethanol to the incubation system inhibited 
the oxidation of galactose-1-C“O». As seen in Fig. 1, increasing 
the ethanol concentration in the medium resulted in a progressive 
inhibition of galactose oxidation. At a concentration of 0.02 m 
the inhibition was 10%, whereas at an ethanol concentration of 
0.3 m the inhibition was greater than 80%. 

It was previously demonstrated that the addition of TPN to 
supernatant fractions of rat liver homogenates stimulated galac- 
Experiments were, therefore, carried out to 
ascertain whether, under the conditions of this TPN stimulation, 
an inhibitory effect of ethanol could still be demonstrated. In 
Table I it is noted that, when galactose oxidation was increased 
by the presence of added TPN (10-* m), an inhibitory effect of 
ethanol was still demonstrable, although the extent of the in- 
hibition was less. Thus, at 0.3 m and 0.15 m ethanol the in- 
hibitory effect in the presence of TPN was 50% and 23%, as 
compared to 80% and 60%, respectively, in the absence of TPN 
(Fig. 1). 

Alteration in Hepatic DPN and DPNH Levels after Ethanol 
Administration in Vivo—Although the inhibition of galactose 
oxidation by ethanol could have been caused by a direct, toxic 
effect of ethanol on the soluble liver system, it seemed equally 
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Fic. 1. The effect of ethanol on the oxidation of galactose-1-C™ 
to C40. in the 105,000 X g supernatant fraction of rat liver ho- 
mogenates. The incubation medium consisted of 80 umoles of 
potassium phosphate buffer (pH 7.4), 10 umoles of ATP, 10 umoles 
of MgCle, 0.3 umole of galactose-1-C' (2.1 X 10° c.p.m.), and 
ethanol in the concentrations indicated. Each incubation mix- 
ture contained approximately 50 mg of protein of the supernatant 
liver fraction. The final volume was 1.6 ml. Incubation was at 
37° for 60 minutes. 
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TABLE 
Effect of ethanol on galactose-1-C™ oxidation to COs in 
supernatant fraction of rat liver homogenates 
fortified with TPN 
The supernatant fraction of rat liver homogenate was prepared 
as described under ‘Materials and Methods.’’ Incubation 
medium consisted of 80 wmoles of potassium phosphate buffer 
(pH 7.4), 10 umoles of ATP, 10 umoles of MgClz, and 0.3 umole 
of galactose-1-C™ (2.1 X 106 c.p.m.). TPN and ethanol added 
as below. Each incubation flask contained approximately 50 mg 


of protein. Final volume was 1.6 ml and incubation was at 37° 
for 60 minutes. 


Additions 
Inhibition of TPN- 
TPN COs liberated stimulated 
(10-3 Ethanol 
M c.p.m. % 
0 0 10,450 
+ 0 36,940 
+ 0.05 34,480 7 
+ 0.15 28,890 23 
+ 0.30 18,480 50 
TaBLeE II 


Effect of ethanol and sorbitol on DPN and DPNH levels in rat liver* 

Rats received ethanol (9.3 g per kg) by stomach tube 16 hours 
before they were killed. Sorbitol was given in amounts isocaloric 
to ethanol, namely, 16.3 g per kg. The analyses for DPN and 
DPNH were made on liver homogenates as described under 
‘Materials and Methods.” 


Treatment | No.of DPN DPNH — 
mpmoles/g liver protein 
Saline 14 2237 + 271 | 384 + 122 | 6.32 + 1.90 
Ethanol 8 2070 + 553 | 696 + 251 | 3.12 + 0.25 
(p = 0.22) | (p < 0.001) | (p < 0.001) 
D-Sorbitol 7 2269 + 606 | 561 + 213 | 4.37 + 1.52 
(p = 0.45) (p = 0.028) (p < 0.05) 


* Results are expressed aS mean + standard deviation. p 
values are compared to saline-treated group. 


possible that the results might have been caused by alterations 
in the levels of DPN and DPNH secondary to the oxidative 
metabolism of ethanol by means of alcohol dehydrogenase and 
acetaldehyde dehydrogenase. Ethanol (9.3 g per kg) was, 
therefore, administered to rats by stomach tube and the hepatic 
levels of oxidized and reduced diphosphopyridine nucleotides 
were measured 16 hours later. It will be seen in Table II that 
under these conditions a significant increase in the DPNH con- 
tent of the liver occurred. Accompanying the increase in the 
DPNH concentration in the livers of the ethanol-treated ani- 
mals, there was no significant change in the DPN concentration. 
Another group of animals received p-sorbitol with the expecta- 
tion that in the conversion of D-sorbitol to fructose by sorbitol 
dehydrogenase the concentration of DPNH in the liver might 
also increase. It is shown in Table II that the administration 


of p-sorbitol, in amounts isocaloric to those of ethanol, produced 
Studies of hepatic 


a significant increase in hepatic DPNH levels. 
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Galactose Glucose-6-P = 6-P-gluconate + TPNH 
* 
a) | ATP 6) (8) | TPN 
Galactose-1-P  Glucose-1-P Ribulose-5-P + 
glucose (5) UTP 
(2) | 


UDP-galactose a UDP-glucose 
ScHEME 1 


Reactions involved in the oxidation of galactose to CO». The 
enzymes catalyzing these reactions are as follows: (1), galacto- 
kinase; (2), galactose 1-phosphate uridyl transferase; (3), UDP- 
galactose pyrophosphorylase; (4), UDP-galactose 4-epimerase; 
(6), UDP-glucose pyrophosphorylase; (6), phosphoglucomutase; 
(7), glucose 6-phosphate dehydrogenase; and (8), 6-phosphogluconic 
dehydrogenase. 


TABLE III 


Factors influencing galactose-1-C' oxidation to in supernatant 
fraction of rat liver homogenates 

The supernatant fraction of rat liver homogenates was prepared 
as described under ‘‘Materials and Methods.’”’ Incubation me- 
dium consisted of 80 umoles of potassium phosphate buffer (pH 
7.4), 10 umoles of ATP, 10 uwmoles of MgCle, and 0.3 umole of 
galactose-1-C™ (2.1 X 10° c.p.m.). Each incubation flask con- 
tained approximately 50 mg of protein. Where indicated, ethanol 
was present in a concentration of 0.15 mM, and LDH addition was 
500 units. The final volume was 1.6 ml. Incubation was at 37° 
for 60 minutes. 


Additions 
c.p.m. % 

Ethanol + DPN (10-* m)................. 2,600 —80 
Ethanol + DPN (10-2 M)................. 7,250 —51 
Ethanol + pyruvate (107° m) + LDH.....| 20,800 +46 


levels of TPN and TPNH in four pairs of animals revealed no 
difference in the saline group versus those given ethanol. 

Further Studies on Soluble Rat Liver System—Scheme 1 depicts 
the reactions involved in the conversion of galactose to COs in 
the soluble fraction of rat liver. Examination of this scheme 
suggests that alterations in the relative concentrations of DPN 
and DPNH might influence the oxidation of galactose at the 
UDP-galactose 4-epimerase step. Maxwell (9) has shown that 
this enzyme requires DPN (optimal concentration 5 x 10-® m) 
and is strongly inhibited by DPNH. The mean DPN concen- 
tration in the soluble fraction of the rat liver homogenates was 
4.5 < 10-5 m and thus almost identical to the level which Max- 
well found to be optimal for mammalian UDP-galactose 4-epi- 
merase activity. It was not surprising, therefore, that further 
addition of DPN to the soluble system (final concentration of 
added DPN, 10-* m) produced relatively little stimulation of 
CO, production (Table III). However, when the DPN was 
added together with ethanol (0.15 m), such that the synthesis 
of DPNH was favored, there was an 80% inhibition of galactose 


oxidation (Table III). This inhibition was greater than that 
produced by ethanol alone. When ethanol (0.15 m) was added 
together with a higher concentration of DPN (final concentration 
of added DPN, 10-? m), the inhibitory effect of ethanol was 
partially reversed. The addition of a DPNH-oxidizing system 
(pyruvate and lactic dehydrogenase), together with ethanol, 
prevented the inhibition and actually resulted in a net stimula. 
tion of CO. production (Table III). pv-Sorbitol, which like 
ethanol leads to increased hepatic levels of DPNH when ad- 
ministered to rats (Table II), produced a significant inhibition 
of galactose oxidation when added to the soluble rat liver system, 

Effect of Ethanol on Galactose-1-C by Hemolysates—Further 
evidence concerning the mechanisms of the inhibitory effect of 
ethanol on galactose oxidation was obtained by studies on he- 
molysates of washed human erythrocytes. With the assay 
system of Racker (16), it was observed that these hemolysates 
contained no demonstrable alcohol dehydrogenase activity. It 
is seen in Fig. 2 that, when ethanol was added to hemolysates 
(fortified with ATP), no significant inhibition of galactose-1-C¥ 
oxidation to C“O: occurred with ethanol concentrations as high 
as 0.3 m. In contrast, when ethanol plus yeast alcohol dehy- 
drogenase and DPN were added to hemolysates (Fig. 2), a pro- 
nounced inhibition of galactose oxidation occurred. In the 
absence of ethanol, incubation of hemolysates with either DPN 
or alcohol dehydrogenase or both did not impair galactose-1-C 
oxidation. 

Results similar to those shown in Fig. 2 were obtained when 
the experiments with hemolysates were carried out with C™. 
galactose 1-phosphate as the substrate and with ATP omitted 
from the medium. 

Effect of DPNH on Galactose-1-C'* Oxidation by Erythrocytes— 
The direct addition of DPNH to the hemolysate system resulted 
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Fic. 2. The effect of ethanol on galactose-1-C'™ oxidation to 
C40. in hemolysates of human erythrocytes, with and without 
added alcohol dehydrogenase (ADH). Hemolysates were pre- 
pared as described under ‘Materials and Methods.’’ The reae- 
tion mixture contained 80 umoles of potassium phosphate buffer, 
10 umoles of ATP, 10 umoles of MgCle, 0.3 umole of galactose-1-C" 
(2.1 X 10° c.p.m.), 0.5 ml of hemolysate, and ethanol in the con- 
centrations indicated. In the experiments with ADH (@——®), 
300 units of yeast ADH (0.3 mg), and 2 umoles of DPN were added. 


Final volume was 1.5 ml. Incubation was at 37° for 60 minutes. | 
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in inhibition of C“O2 production from galactose-1-C™ (Table IV). 
At a DPNH concentration of 10-* m there was an inhibition of 
42%. The addition of DPN at the same final concentration 
produced a slight (8%) stimulation. 

Effects of Ethanol on Enzymes Involved in Galactose Oxidation— 
The effect of ethanol on partially purified preparations of each 
of the enzymes catalyzing the reactions shown in Scheme 1 was 
studied in the presence and absence of alcohol dehydrogenase. 
With ethanol at concentrations as high as 0.3 M, no significant 
inhibition of the activity of any of these enzymes was observed. 
When ethanol was added together with alcohol dehydrogenase 
and DPN, only UDP-galactose 4-epimerase was significantly 
inhibited. In Fig. 3 are recorded the effects of ethanol on a 
UDP-galactose 4-epimerase preparation (Fraction 4 of Maxwell 
(9)) which had no detectable alcohol dehydrogenase activity. 
The addition of ethanol together with DPN (2 x 10-* m) did 
not affect 4-epimerase activity. However, in the presence of 
yeast aleohol dehydrogenase (300 units) and DPN, increasing 
concentrations of ethanol resulted in a progressive inhibition of 
4epimerase activity. The inhibition was 43% at 0.01 m ethanol 
and 87% at 0.1 m ethanol. Addition of aleohol dehydrogenase 
alone had no inhibitory effect. 


DISCUSSION 


The inhibition of galactose metabolism by ethanol which has 
been observed by Stenstam (1) and Tygstrup and Winkler (2) 
in vivo has been demonstrated in vitro in the present studies with 
the 105,000 x g supernatant fraction of rat liver homogenates. 

It is of interest that, when galactose oxidation was stimulated 
by the addition of TPN, the inhibitory effect of ethanol was still 
demonstrable although to a lesser extent. The possibility that 
ethanol exerts its effect on galactose utilization in vivo by an 
effect on TPN levels seems unlikely since no alterations in hepatic 
TPN or TPNH concentrations were observed after ethanol 
administration. The data obtained suggest that the inhibitory 
action of ethanol is caused by the DPNH generated in its oxida- 
tive metabolism. Consistent with this concept was the finding 
that ethanol administration to rats produced a significant in- 
crease in the concentration of DPNH in the liver and a decrease 
in the DPN: DPNH ratio. Similar results have been reported 
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Effect of DPN and DPNH addition on galactose-1-C™ 
oxidation to COs by hemolysates 

Human erythrocytes were obtained by centrifugation of hep- 
arinized blood and washed twice with 5 volumes of 0.154 m KCl 
and 0.05 Mm nicotinamide. They were then suspended in an equal 
volume of the KCl-nicotinamide solution and hemolyzed by rapid 
freezing and thawing. Incubation flasks contained 0.3 zmole of 
galactose-1-C'™ (2.1 X 10° c.p.m.), 80 zmoles of potassium phos- 
phate buffer (pH 7.4), 10 zmoles of ATP, 10 wmoles of MgCl, 0.5 
ml of hemolysate, and DPN or DPNH in the concentrations 
indicated. Final volume was 1.5 ml. Incubation was for 1 hour 
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Fic. 3. The effect of ethanol on UDP-galactose 4-epimerase 
activity. The reaction mixture contained 0.05 umole of UDP- 
galactose, 0.1 umole of DPN, 0.05 mg of 4-epimerase, ethanol in 
the concentrations indicated, and 20 umoles of glycine buffer (pH 
8.7). In the experiments with ADH (@——®), 300 units of yeast 
ADH (0.3 mg) were added. Total volume of the reaction mixture 
was 0.5 ml. Incubation was for 10 minutes at room temperature. 
The reaction was stopped by heating for 30 seconds at 100° and 
UDP-glucose was formed and assayed with DPN and UDP-glucose 
dehydrogenase (10). 


by Smith and Newman (17). The inhibitory effect of ethanol 
on galactose oxidation in the soluble rat liver system was par- 
tially reversed by higher concentrations of DPN and completely 
prevented in the presence of a DPNH-oxidizing system (pyru- 
vate and lactic dehydrogenase). Although relatively high con- 
centrations of ethanol were required to produce these inhibitory 
effects, it should be emphasized that at pH 7.4 the equilibrium 
of the alcohol dehydrogenase-catalyzed reaction is in the direction 
of acetaldehyde reduction (18). When p-sorbitol, which also 
generates DPNH (Table I), was added to the liver system in 
place of ethanol a significant inhibition of galactose oxidation 
also occurred. 

Additional evidence in support of the hypothesis that the in- 
hibitory effect of ethanol on galactose metabolism was caused 
by DPNH generation was the finding that, in hemolysates of 
human erythrocytes which were shown to lack alcohol dehy- 
drogenase activity, galactose oxidation was not depressed by 
ethanol in concentrations which were inhibitory with the use of 
the supernatant fraction of liver homogenates. However, when 
hemolysates were incubated with ethanol plus ADH and DPN 
or when DPNH was added directly to the system, the production 
of CO, from galactose-1-C" was significantly depressed. 

The present studies indicate that UDP-galactose 4-epimerase 
is the enzymatic step in the oxidation of galactose which is in- 
hibited by ethanol, not directly but because of DPNH generated 
in the presence of alcohol dehydrogenase. This is in accord with 
the observations of Maxwell that the 4-epimerase requires cata- 
lytic amounts of DPN and is readily inhibited by DPNH. Cal- 
culations from the data of Maxwell (9) with the equations of 
Lineweaver and Burk (19) for competitive inhibition and as- 
suming a K,, for DPN of 2 X 10-7 m (9) gave values of K; for 
DPNH of 4.2 x 10-°m. In view of these calculations, the ob- 
served stimulation of galactose-1-C" oxidation to C“O. by DPN 
(Table ITI), at a concentration far above its K,,, suggests that 
DPNH was also present in the system. 
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It is of interest that Simon eé al. (20), in their studies of the 
stimulatory effect of progesterone on galactose-1-C™ oxidation 
to CO, in liver and intestine, placed this effect at the level of 
the UDP-galactose 4-epimerase reaction. Topper et al. (21) 
have interpreted the stimulation of 4-epimerase as caused by a 
decrease in DPNH formation as a consequence of aldehyde de- 
hydrogenase inhibition by progesterone. 

In view of the high affinity of UDP-galactose 4-epimerase for 
DPNH, it is evident that minor alterations in the level of this 
nucleotide can produce major changes in 4-epimerase activity. 
It seems reasonable to suggest, therefore, that the cellular con- 
centrations of DPNH as well as DPN must be important in the 
regulation of galactose metabolism in vivo. 


SUMMARY 


1. The inhibitory effect of ethanol on the oxidation of galac- 
tose-1-C' to CO. has been studied in the soluble fraction of 
rat liver homogenates. The inhibitory action of ethanol (at 
concentrations up to 0.3 M) was caused by the increase in reduced 
diphosphopyridine nucleotide (DPNH) generated in the oxida- 
tion of ethanol, was partially reversed by the addition of diphos- 
phopyridine nucleotide (DPN), and was completely prevented 
in the presence of a DPNH-oxidizing system. 

2. Sixteen hours after the administration of ethanol to rats, 
the hepatic DPNH concentration was increased approximately 
2-fold. 

3. In hemolysates of human erythrocytes, which lack alcohol 
dehydrogenase activity, galactose metabolism was not inhibited 
by ethanol. However, when ethanol was added together with 
alcohol dehydrogenase and DPN, or when DPNH was added 
directly, galactose oxidation to CO: was strongly inhibited. 

4. DPNH generated in the oxidation of ethanol inhibits galac- 
tose oxidation at the level of the uridine diphosphate galactose 
4-epimerase reaction. The importance of DPN and DPNH in 
the regulation of galactose metabolism at this enzymatic step is 
discussed. 


Inhibition of Galactose Oxidation by Ethanol 
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The possibility that butyrate may be glucogenic in ruminants 
has been suggested by several experimental studies. Intra- 
yenous injection of butyrate in sheep was followed by increased 
concentrations of blood sugar (1) and, in lambs, it was found 
that butyrate was more effective than propionate for alleviating 
insulin-induced hypoglycemia (2); acetate injection did not have 
a similar effect in either study. Later investigators (3-5) have 
reported that ruminants show a variable response in blood glu- 
cose level after butyrate injection. In an effort to account for 
this variability it has been suggested that a plethora of body 
glucose inhibited “gluconeogenesis from butyrate” (5) and that 
astate of acidosis interferes with “the glucogenic effect of bu- 
tyrate” (6). 

Studies with C™-labeled fatty acids have provided additional 
evidence for the apparently anomalous metabolic behavior of 
butyrate in ruminants. Intact cows injected with acetate-C™ 
transferred to milk fat 70% of the total C™ recovered from milk 
products; this demonstrates the lipogenic behavior of this fatty 
acid (7). Propionate-C'* was markedly glucogenic in the cow 
with 60 to 70% of the milk C™ in lactose (8). In contrast to 
these results, which are consistent with current concepts on the 
metabolic behavior of acetate and propionate in animals, when 
butyrate-1-C' or butyrate-2-C™ was injected into lactating cows, 
approximately twice as much C" was recovered from lactose and 
also from casein as was recovered in milk fat (9). Inasmuch as 
butyrate is a component of milk triglyceride and makes up about 
10 per cent of the fatty acids on a molar basis (10), one would 
expect butyrate to be a better precursor of milk fat. 

Studies in vitro have indicated a direct role for butyry! coen- 
zyme A in fatty acid synthesis in animal tissues. Butyryl-CoA 
was reported to be the most effective of several acyl-CoA com- 
pounds tested, including acetyl-CoA, for stimulating the con- 
version of malonyl-CoA to long chain fatty acids by rat liver 
enzymes (11). It has also been observed that butyryl-CoA was 
a required component for the transfer of C“ from pyruvate to 
fatty acids by normal rat liver mitochondria and that it restored 
to normal the defective lipogenesis of liver mitochondria from 
alloxan-diabetic rats (12). The butyryl moiety of butyryl-CoA 
was incorporated intact into palmitic acid synthesized by pi- 
geon liver (13, 14), and it was shown that the same enzymes 
and cofactors were required for the incorporation of C™ from 
either acetate or butyrate into long chain fatty acids (13). 

The demonstrated behavior of butyryl-CoA in animal tissues 


*This study was supported by grants from the National 
Science Foundation (G-3364) and the United States Atomic 
Energy Commission (AT (11-1)-34, Project No. 1). 
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considered together with the fact that 8 oxidation of butyrate 
produces acetyl-CoA, a common intermediate in the metabolism 
of acetate, would lead one to expect the metabolism of butyrate 
to resemble acetate, which is lipogenic, rather than propionate, 
which is glucogenic. 

Isotope studies with the rat (15) and other animals (16) have 
supported the idea that the intermediates and pathway for trans- 
fer of carbon from fatty acids (including butyrate) to glucose in- 
cludes 6 oxidation to acetyl-CoA and metabolism via the tricar- 
boxylic acid cycle and reverse glycolysis according to classical 
schemes; there was no evidence that special pathways had been 
involved. This explanation, involving a common pathway for 
the fatty acids, is insufficient to account for the diverse metabolic 
behavior of acetate and butyrate in the cow. It is recognized 
that unlike most of the higher animals which receive large 
amounts of glucose from their digestive tract, the ruminant de- 
pends for energy largely on short chain fatty acids produced by 
fermentation of dietary carbohydrate intherumen. Carroll and 
Hungate (17) have estimated that the acetate, propionate, and 
butyrate produced in the rumen provide approximately 70% of 
the total energy requirement in the bovine. The quantitative 
importance of these fatty acids and the paucity of alimentary 
glucose create in the ruminant a metabolic environment that is 
unique among the higher animals, with short chain fatty acids 
assuming major significance. It seemed possible that reactions 
which appear to be unimportant or absent in other animals may, 
because of species variation or metabolic adaptations to fatty 
acids as major nutrients, become obvious in ruminants. 

The present study was undertaken to obtain additional in- 
formation on the pathway of metabolism of butyrate in the intact 
cow. We have recovered several amino acids from casein at 
3 and 10 hours after intravenous injection of cows with butyrate- 
1-C™, butyrate-2-C™“, or butyrate-3-C’. The specific activities 
of the amino acids and the intramolecular distribution of C™ in 
serine, alanine, and glutamic acid provide a basis for evaluating 
the metabolic pathway of butyrate. Our results indicate that 
the cow metabolizes butyrate in the same manner as do other 
animals. 


EXPERIMENTAL PROCEDURE 


Lactose and casein were isolated from milk collected 3 and 10 
hours after intravenous injection of six normal lactating cows 
with a single dose of 3 to 5 me of butyrate-1-C", butyrate-2-C%, 
or butyrate-3-C“. Data on the experimental animals and com- 
pounds injected are listed in Table I. 

The methods for separation and crystallization of amino acids 
(18), degradation of amino acids (19), and C' assay (18) have 
been discussed in earlier papers. 
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Data on experimental animals used in butyrate trials 


Trial No. | Cow No. | Weight | Injected dose | Position of C* 


414 -O1 -1- 
547 -1- 
554 


kg | mc 
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450 5. 
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400 
580 
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MINUTES AFTER INJECTION 

Fie. 1. Specific activity of plasma glucose at various times 

after intravenous injection of lactating cows with 5 mc of butyr- 

ate-2-C'4 (O -- O) or 3.9 mc of acetate-2-C'4* (@——@). The 

curve for butyrate was published earlier (14) but is reproduced 
here to simplify comparison with results after acetate-2-C™. 


The methods for sampling blood from cows and isolating glu- 
cose as the glucosazone have also been described (20). 


RESULTS - 


Fig. 1 shows the specific activity of plasma glucose at various 
times after intravenous injection of cows with acetate-2-C™ or 
butyrate-2-C4, The difference in results is striking. Maximal 
specific activity was 4 times as great after butyrate as after ace- 
tate, and occurred much earlier. The time of the maximal 
specific activity is an estimate inasmuch as it was already at the 
highest value in the earliest blood sample, collected 11 minutes 
after injection of butyrate, and apparently occurred sometime 
between 45 and 90 minutes after injection of acetate. The ex- 
planation for the different metabolic fate of carbon from the 
two fatty acids must account for this more rapid transfer of car- 
bon from butyrate to glucose. 

The C™ level among the milk products synthesized by cows 
injected with butyrate-C™ was reported earlier (9); the specific 
activity was high in lactose and casein and much lower in milk 
fat. The casein amino acids that contained C™ are listed in 
Table II. In all samples, specific activity was greatest in glu- 
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Specific activity* of amino acids from casein after intraveno 
y 
injection of butyrate-C\4 


1 | | | | | | 
| Time | Posi- | Ea =A 
| ater on \Alanine | Serine |Glycine | Proline | Arg 
tion tope | | | 
| hrs | | 
I | 3 -1- | 8.9* | 4.56 | 1.42 | 1.22 | 1.04 | 0.84 | 0.67 
| 10 | -1- | 2.7 | 1.5 | 0.91 | 0.82 | 0.98 | 
II | 3 | -1- | 2.47 | 1.09 | | 0.24 | 
| 10 | -1- | 4.86 | 2.9 | 1.14 | 0.84 | 0.74 | 0.58 | 0.4 
| 10.1 | 6.4 | 3.5 | 148 | 0.14 0.05 
| 10 | -2- | 5.36 | 4.15 | 2.86 | 2.45 | 1.36 | 
IV 3 | 2 | 8.43 | 5.3 | 3.56 | 2.86 1.2 | 1.09 | 0.45 
| 10 | -2- | 3.84 | 2.84 | 1.89 | 1.71 | 0.94 | 0.72 | 0.44 
VI 3 | 6.04 | 3.36 1.15 | 0.91 | 0.63 | 
10 | -3- | 2.07 | 1.26 | 0.76 | 0.69 | 0.68 | 0.29 | 0.38 
VII | 3 | -3-| 7.7 | 3.78 | 1.16 | 1.08 | 0.7 0.93 
10 | -3- | 2.8 | 1.28 | 0.82 | 0.88 | 0.69 | 0.43 | 0.4 


* Specific activity is expressed as (microcuries of C'*) per (g 
atom of C)/(microcuries of C™ injected) per (kilogram 9 
body weight). A specific activity of 8.9 corresponds to 3,78] 
net counts per minute in our counting system with the use of 
BaCoO; of infinite thickness. 


tamic acid, being 1.5 to 2 times as great as that in any other 
amino acid. The specific activities decreased in the sequence: 
glutamic acid, aspartic acid, alanine and serine, glycine, proline, 
and arginine. Lactose! had specific activities that were nearly 
the same as those of serine and alanine in each of the milk samples 
collected. Based on the specific activities among these con. 
pounds it appears that in all cows butyrate was a better precursor 
of glutamic and aspartic acids than of lactose, serine, or alanine, 

These results can be accounted for by accepted pathways whieh 
are outlined in Fig. 2. According to this scheme, acetyl-CoA 
would be derived from butyrate by 6 oxidation and after entering 
the cycle via condensing enzyme, would label a-ketoglutarate, 
from which glutamate is formed. Unlabeled propionate (pn- 
duced in large quantities in the cow’s rumen) entering the cyde 
at the succinate level would reduce the specific activity of cyce 
intermediates beyond this point, e.g. oxalacetate, and would x- 
count for the lower specific activity in aspartate (derived from 
oxalacetate) than in glutamate. Labeled carbon leaving the 
cycle as part of glycolytic intermediates would undergo furthe 
dilution, presumably by pyruvate or lactate or both, whic) 
would result in still lower specific activities in the amino aciti 
derived therefrom, alanine and serine (and glycine), as well % 
the lactose derived from glucose. 

The intramolecular distribution of C™“ in the amino acids syt- 
thesized from specifically labeled butyrate provides another 
means of evaluating the metabolic route followed by butyrate 
carbon in the intact cow. The results from the degradation d 
several samples of alanine, serine, and glutamate are given 
Table III. The last column of the table shows the C™ recover 
in the degradation, as the percentage of the total C™ in the mo 
cule, determined by combustion. In each degradation the t 


1 The specific activities of lactose from butyrate trials I to I) 
were published earlier (9). In trials not previously reported, i 
which butyrate-3-C' was administered, the specific activities 
lactose were 1.17, and 1.10 at 3 hours and 0.89 and 1.02 at 10 hour 
for butyrate trials VI and VII, respectively. 
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intermediates from which serine and alanine were derived. 

Butyrate-2-C™ labeled serine and alanine principally on the 
(-2 and C-3 positions with approximately equal specific activity 
on each carbon. ‘These results, like those after butyrate-1-C™ 
and butyrate-3-C™, also agree with the distribution expected for 
the transfer of butyrate carbon via the tricarboxylic acid cycle 
(Fig. 2). A similar distribution of C“ was found in these amino 
acids after injection of acetate-2-C™ into lactating cows (18) and 
also into rats (22). 

The C" distribution in glutamic acid was the same for butyr- 
ate-1-C4 and butyrate-3-C“, which agrees with the results 
expected when acetyl-1-C'-CoA enters the cycle at citrate. If 
butyrate had undergone w oxidation to succinate, the C™ from 
butyrate-3-C'™ would have appeared in the C-2 and C-3 positions 
of glutamate. Inasmuch as these positions contained less than 
0.5% of the C" in glutamic acid it appears that w oxidation of 
butyrate could not have been significant, if it occurred at all. 
The C¥ distribution in glucose from rats injected with specifically 
labeled butyrate was inconsistent with w oxidation of butyrate 
in that species also (15). 

The labeling pattern in glutamate after butyrate-2-C™ (see 
Table ITT) further supports the pathway outlined in Fig.2. 


TaBLe IIT 
Distribution of C'4 in serine, alanine, and glutamic acid after injection of specifically labeled butyrate 
| 
| Specific activit: 
— Amino acid) C2 C-4 Cs 
hrs % 
I 3 -1- Serine 1.22 3.53 0.21 0.11 105 
II 10 -1- Serine 0.84 2.03 0.33 0.14 98 
II 10 -1- Serine 0.84 2.47* 100 
VI 3 -3- Serine 0.91 2.22 0.17 0.11 92 
VI 3 -3- Serine 0.91 2.22" 100 
II 10 -1- Alanine 1.14 2.83 0.29f 92 
VI 3 -3- Alanine 1.15 3.28 0.18 0.06 102 
VII 3 -3- Alanine 1.08 3.19 0.27 0.13 111 
III 3 -2- Serine 3.40 1.6 3.96 4.36 97 
IV 3 -2- Serine 2.86 1.43 3.58 3.68 101 
IV 10 -2- Serine ee | 1. 2.06 2.19 104 
IV 10 -2- Alanine 1.89 1.44 2.16 1.98 98 
I 3 -1- Glutamic acid 8.90 11.34 0.27f 33.2 100 
VI 3 -3- Glutamic acid 6.04 7.75 0.12 0.05 0.03 22.6 101 
Il 3 -2- Glutamic acid 10.1 4.7 10.2 9.5 21 0.62 91 
*(C-1 recovered by ninhydrin treatment of serine. 
+ C-2 and C-3 combusted together. 
t C-2, C-3, and C-4 combusted together. 
covery was within 5 to 10% of the total, indicating that the “ 
degradation gives a reliable picture of the intramolecular C™ | p- oxidation 
distribution. Acetyl-COA 
Serine or alanine were labeled in the same manner, principally Citrate 
inthe C-1 position, after injection of butyrate-1-C™ or butyrate- 
$C", This is the expected position of labeling for transfer of Pyruvate (a0 
carbon via the cycle as shown in Fig. 2. The small amount of (AS 
(4 in the C-2 and C-3 positions of the amino acids may be due Phospho-enol-pyruvate <— Oxalacetate eran" 
to one or more of the following causes: (a) some carry-over of 
(“from the C-1 to the C-2 or C-3 position during the degradation 
procedures; (b) the pentose cycle which is active in the cow (21) Succinate 
and leads to some redistribution of carbon in glucose and in @ A —~(SERINE-PI 
glycolytic intermediates; and (c) other minor pathways that 
would introduce C" into positions other than C-1 of the glycolytic I Propionote 


Glucose ——~LACTOSE 


Fic. 2. Scheme outlining the pathway for transfer of carbon 
from butyrate to milk products in the lactating cow. 


DISCUSSION 


The specific activity among compounds synthesized by cows 
after injection with specifically C-labeled butyrate and the 
intramolecular distribution of C™ indicate that butyrate was 
metabolized in the cow as in other animals (15, 16) namely, by 
B oxidation to acetyl-CoA and then by the tricarboxylic acid 
cycle. This pathway precludes the possibility that butyrate 
carbon can be glucogenic in the classical meaning of this term 
because the tricarboxylic acid cycle does not provide a net trans- 
fer of carbon from acetyl-CoA to glycolytic intermediates (see 
(16) for a more complete discussion of this aspect). 

It has been proposed that a pathway via ketone bodies and 
propanediol may function in ruminants and that this would ac- 
count for the metabolic behavior of butyrate (6). The ruminant 


normally has concentrations of blood ketone bodies higher than 
other animals, but there is no reason to assume that these com- 
pounds provide a quantitatively significant route linking fatty 
acids with glucose. There is evidence, however, that one of the 


2401 
0.44 
0.05 
| | 
4 


2402 


ketone bodies, acetone, may be directly converted to a glycolytic 
intermediate in animal tissues (23-27). This evidence has been 
derived from the C™ distribution in: (a) the glucose of liver gly- 
cogen from rats injected with acetone-2-C™ (23); (b) alanine from 
liver protein after injecting rats with acetone-2-C™ (24); (c) 
lactate in rat liver mince incubated with acetone-1-3-C™ (25, 
26); and (d) in propanediol phosphate and liver glycogen from 
rats injected with acetone-2-C™ (26). In each case the C™ dis- 
tribution indicated that acetone was utilized largely by a path- 
way in which the molecule was converted intact to some, as yet 
unidentified, glycolytic intermediate. In addition, it was shown 
that mice injected with two of the suggested intermediates in the 
pathway from acetone to glycolytic compounds had significantly 
higher levels of liver glycogen than did control groups (27). 

The glucogenic behavior of butyrate, in contrast to that of 
acetate, could be accounted for by the following scheme if it were 
functional in the cow: 


butyrate — butyryl-CoA — acetoacetate? — acetone + CO» 
acetone — 3-C% > glucose, alanine, serine 


If this pathway had been responsible for the glucogenie behavior 
of butyrate in the cow, one would expect that lactose would 
contain more C™ (per unit of C™ injected) after injection of 
butyrate-3-C™ than after injection of butyrate-1-C™ because the 
carboxyl carbon (C-1) is lost as CO: in the reaction sequence. 
In contrast to this expectation, the specific activity of lactose 
was no greater after injection of butyrate-3-C™ than it was after 
injection of butyrate-1-C! Serine and alanine, which are 
synthesized from glycolytic intermediates, also had specific ac- 
tivities that were approximately equal after injections of butyr- 
ate-3-C™ and butyrate-1-C" (see Table II). 

Additional evidence that a pathway involving acetone was not 
quantitatively important in butyrate metabolism can be ob- 
tained from the degradation data. The direct oxidation of ace- 
tone would transfer C“ from butyrate-3-C™ to the C-2 position 
of glycolytic intermediates; but in the cow, C™ was found pri- 
marily in the C-1 position of alanine and serine after injection of 
either butyrate-1-C™ or butyrate-3-C™. The low levels of C™ 
in the C-2 positions of these compounds, may indicate the pres- 
ence of a direct pathway, e.g. via acetone, but as discussed earlier, 
other factors may also contribute to the presence of C™ in the 
C-2 position. In any case, it seems safe to conclude that a path- 
way via acetone, if present at all, had only a very minor role in 
the transfer of carbon from butyrate to amino acids and lactose. 

In the absence ,of convincing evidence that the glucogenic be- 
havior of butyrate can be explained on a chemical basis, one 
could account for the different metabolic fate of acetyl-CoA from 
acetate and butyrate on an anatomical basis. The udder of the 
cow is especially active in lipogenesis (28) whereas the liver is a 
major source of blood glucose and is active in gluconeogenesis. 
If acetate were preferentially metabolized by the udder, and 
butyrate by the liver, that would explain the glucogenic fate of 
butyrate in contrast to the lipogenic fate of acetate in the lactat- 
ing cow. 

Evidence from studies in vitro supports this anatomical ex- 
planation for the diverse metabolic behavior of the two fatty 
acids in the intact animal: 


2 Acetoacetate refers to intermediates that might include the 
CoA esters or free acids of B-hydroxybutyrate and acetoacetate. 
53-C refers to an unidentified glycolytic intermediate. 


Butyrate Metabolism in Lactating Cow 
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1. Shaw et al. (29) perfused goat livers with C™-labeled fatty 
acids. After 1 hour, butyrate and most of the propionate had 
disappeared from the blood whereas 77 % of the isotope recovered 
from acetate-C™ was still present as acetate. The C™ from 
propionate and butyrate was recovered mainly as lactate and 
glycogen. These results support the idea that the liver does not 
readily metabolize acetate whereas propionate and butyrate are 
extensively utilized and contribute to the formation of glucose 
precursors. 

Acetate was metabolized more slowly by liver than by several 
other tissues of the rat in vitro (30). Either propionate or butyr- 
ate inhibited the oxidation of acetate when added to rat liver 
slices (31). Propionate was shown to have a similar effect on 
acetate oxidation in sheep liver slices although the inhibition was 
not as marked as it was with rat liver (32). It would appear 
that the metabolic environment in liver, especially ruminant 
liver which may contain much propionate and butyrate, would 
not be favorable for acetate metabolism. Consequently, little 
carbon from acetate would be expected to appear in glycolytic 
intermediates from which glucose is synthesized in liver. 

2. On the other hand, Peeters et al. (33) demonstrated that 
perfused mammary gland of cows metabolized acetate more 
rapidly than propionate or butyrate. The R.Q. value of the 
gland was less than 1 when butyrate (0.71) or propionate (0.73) 
was added to the perfusate but was greater than 1, an indication 
of fat synthesis, when acetate was added. R.Q. values as high 
as 1.5 were measured in mammary gland perfused with acetate 
(34). 

Tracer studies reflect a similar metabolic picture for mammary 
gland. The C* level was high in milk fatty acids and in CO, 
when mammary gland was perfused with acetate-1-C™ (28) but 
was low when butyrate-1-C" was perfused (35). It is interesting 
that butyrate had the greatest specific activity among the milk 
fatty acids when acetate-1-C™“ was perfused (28) but had the 
least specific activity when butyrate-1-C' was perfused (35). 
These results support the hypothesis that mammary gland pref- 
erentially uses acetate not only for oxidation but also for fatty 
acid synthesis whereas butyrate is poorly utilized. It appears 
that mammary gland does not directly esterify butyrate in the 
synthesis of milk fat but utilizes butyrate carbon to a limited 
extent, after conversion to 2 carbon units (36). It has already 
been suggested that a compound other than butyrate, namely 
8-hydroxybutyrate, may be a direct precursor of the butyrate 
moiety of milk fat (37, 38). 

The metabolism of butyrate together with propionate, in the 
liver, provides an explanation for the “glycogenic” behavior of 
butyrate in the ruminant. According to this explanation car- 
bon from propionate traversing the tricarboxylic acid cycle, at 
least in part during its conversion to glucose, would mix with 
carbon from butyrate being metabolized in the cycle and carbon 
from both compounds would appear in the precursors from which 
glucose is derived. The propionate carbon has an active role it 
this process in the sense that it provides the influx of carbon into 
the cycle that is necessary to replace intermediates withdrawa 
for the biosynthesis of glucose and amino acids in the cow. The 
role of butyrate would be a more passive one in the sense that 
it appears in glucose primarily because of the mixing of dicar- 
boxylic acids which contain butyrate or propionate carbon and 
the random withdrawal of these in the synthesis of glucose 0 
amino acids. This relationship results in a large amount 
butyrate carbon appearing in glucose (and lactose) and givé 
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the impression that butyrate-C™ could be responsible for net 
synthesis of glucose in the ruminant. 

‘This explanation does not preclude the possibility that other 
wmpounds have a role similar to that discussed for propionate; 
for example, pyruvate or succinate, itself, derived from rumen 
fermentations. However, the fact that propionate constitutes a 
major end product of rumen microbial metabolism (17) would 
indicate that it is quantitatively important in the reactions re- 
quired to replenish cycle intermediates. 

It is also understandable how the uptake of butyrate carbon 
ty liver cells might spare the oxidation of other metabolites, 
sich as lactate or pyruvate, which could then contribute directly 
to the synthesis of glucose. This, together with a possible 
pharmacological effect* resulting from intravenous injection of 
large amounts of butyrate could account for the hyperglycemic 
dfect that has been reported for this fatty acid (1, 2, 4-6). 

The anatomical explanation for the “glucogenic” behavior of 
butyrate obviates the need to postulate special metabolic path- 
yays but does not exclude the possibility that such pathways 
may have a minor role in the metabolism of butyrate in the cow. 
The diverse metabolic behavior of organs in the animal make it 
important to recognize that the metabolic fate (¢.e. lipogenic, 
gueogenic, etc.) of a compound in animals depends on the site 
where each is metabolized and the enzymatic environment at 
that site. It is apparent that one cannot predict the metabolic 
fate of a compound in an animal from the knowledge alone of its 
pathway nor can one deduce its metabolic pathway from a knowl- 
edge alone of its metabolic fate. 


SUMMARY 


Lactating cows were injected intravenously with butyrate-1- 
(4, butyrate-2-C™, and butyrate-3-C™. At 3 and 10 hours after 
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injection, milk was collected and used to prepare lactose and 
amino acids from casein. 

On a basis of relative specific activities among these com- 
pounds, butyrate is a better precursor of glutamate and aspartate 
than it is for lactose, serine, or alanine. The specific activities 
of these compounds and their intramolecular C“ patterns were 
compared with results that would be expected if the cow utilized 
ecial pathways that have been suggested to account for the 
“glucogenic” behavior of butyrate. Our results indicate that 
the cow metabolizes butyrate in the classical fashion by 8 oxida- 
tion and then via the tricarboxylic acid cycle, as do other animals, 
ad that the “glucogenic” behavior of butyrate apparently re- 
alts from its metabolism at a site of active gluconeogenesis, 
presumably the liver which absorbs butyrate relatively faster 
than it absorbs acetate. 


Acknowledgments—The authors wish to acknowledge the valu- 
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Feulgen and Voit (2) noted that many tissues, after prior 
treatment with HgCls, contained a compound which reacted 
with fuchsin-bisulfite solutions to give a colored derivative. 
This unknown substance was named plasmalogen to indicate 
that the compound is aldehydogenic and found in the cytoplasm. 
Further studies by Feulgen et al. (3) and others (4-6) showed that 
a considerable portion of tissue plasmalogens could be classed as 
phosphoglycerides and isolated with the lecithin and cephalin 
fractions. The first plasmalogens isolated were deacylated de- 
rivatives owing to previous alkaline hydrolysis, and an acetal 
structure was postulated to be responsible for the aldehydogenic 
property. Rapport, Lerner, Alonzo, and Franzl (7), however, 
showed that the aldehydogenic grouping in native plasmalogens 
is a vinyl ether that is not altered by mild alkaline treatment. 
In this paper, the term plasmalogen is used to designate any 
aldehydogenic compound, whether naturally occurring or pro- 
duced by chemical alteration. To describe various plasmalogens 
more conveniently and unambiguously, we have named _these 
compounds as derivatives of glyceryl phosphate (e.g. a’-(1- 
alkenyl)-8-acyl glycerylphosphorylcholine). Little is known 
concerning the metabolic steps in either the synthesis or cleavage 
of the viny] ether grouping of plasmalogens. Korey and Orchen 
(8) have shown that isotopes from C'-acetate or palmitate can 
be incorporated into the plasmalogen of rat brain in vivo, but 
the metabolic intermediates have not yet been demonstrated. 

While studying the metabolism of plasmalogen, we found 
that the microsomal fraction of rat liver contains an enzyme 
capable of catalyzing the hydrolysis of the substituted vinyl 
ether. This paper is the first report of an enzyme capable of 
acting on this type of functional group to produce free aldehyde. 
For the substrate a’-(1-alkenyl)-a-glycerylphosphorylcholine, the 
enzymatic reaction proceeds as written below. 


CH:0 CH=CH—R 
HO—CH 
+ H2O 


o— 
a’ -(1-Alkenyl)-glycerylphosphorylcholine 
CH.0OH 


HOCH 
+ RCH:CHO 


a-Glycerylphosphorylcholine Aldehyde 


EXPERIMENTAL PROCEDURE 


Analytical Methods—Lipid fractions were characterized by de- 
termining the content of phosphorus (9), ester (10), vinyl ether 
(11), amino nitrogen (12), and aldehyde. In the experiment to 
determine the stoichiometry of the reaction, periodate oxidation 
was used to determine glycol (13). Protein concentrations were 
measured by the method of Warburg and Christian (14). So- 
dium deoxycholate was used to obtain clear solutions for this 
analysis. 

For aldehyde analysis, the sample was dried in a test tube and 
treated with 1 ml of 1% HgCl: in glacial acetic acid. After 15 
minutes, 5 ml of fuchsin sulfurous acid solution (prepared by 
dissolving 0.5 g of basic fuchsin in 500 ml of water, filtering this 
solution, and adding it to 500 ml of water saturated with sulfur 
dioxide) were added. The color was allowed to develop for 20 
minutes; then 3 ml of sulfurous acid, saturated with isoamy]l 
alcohol, were added, and the colored complex was extracted with 
4 ml of aldehyde-free isoamy] alcohol. To determine the alde- 
hyde content, the absorbancy measured at 550 my was com- 
pared with that of a purified alkenyl-GPE! obtained by alkaline 
hydrolysis of a brain cephalin fraction. 

Materials—The lecithin and cephalin fractions were isolated 
from beef or pig heart because of the relatively high plasmalogen 
content in the phospholipids of these tissues. A total lipid ex- 
tract was obtained by homogenizing 1 kg of tissue successively 
with 2000 ml of methanol and with 1800 and 800 ml portions of 
chloroform-methanol (1:1, volume for volume). Enough chloro- 
form was added to the combined extracts to give chloroform- 
methanol (2:1), and 0.2 volume of water was added to extract 
the water-soluble compounds. The chloroform layer was evapo- 
rated to 20 ml, and 500 ml of acetone were added to precipitate 
the phospholipids. The phospholipid fraction was dissolved in 
ether and put on a column containing 260 g of silicic acid (Mal- 
linckrodt, 100 to 200 mesh). The column was washed with 1.5 
liters of ethanol-ether (1:9), removing any remaining neutral 
lipid contaminants. The cephalin fraction was then eluted from 
the column with 3 liters of ethanol-ether (3:1) until tests for 
amino N were negative. ‘The lecithin fraction was eluted with 
5 liters of ethanol-methanol (1:3) until tests for aldehyde were 
negative. Results of the analyses of the lecithin and cephalin 
preparations isolated in this manner are given in Table I. 


* This work was supported in part by a grant (G-7647) from the 
National Science Foundation. A preliminary report has beet 
presented (1). 

t National Science Foundation Cooperative Graduate Fellov. 

1 The abbreviations used are: GPC, a-glycerylphosphoryleho- 
line; GPE, a-glycerylphosphorylethanolamine. 
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TaBLeE 
Composition of plasmalogen-containing fractions from beef heart 
The lecithin and cephalin fractions were isolated by chromatography on silicic acid as described in the text. The deacylated deriva- 
tives were prepared either by the action of snake venom or by mild alkaline hydrolysis. Numbers in parentheses represent ranges of 
values. 

Lipid preparation No. of samples Pol | Ester: P Aldehyde: P Vinyl] ether: P Ester + Aldehyde: P 
6 | 1.54 (1.32-1.65) | 0.45 (0.44-0.57) | 0.45 (0.44-0.46) | 1.99 (1.75-2.13) 
RN Siig wneninsie’ 4 | 1.87 (1.57-2.24) | 0.85 (0.26-0.42) | 0.33 (0.31-0.35) | 2.22 (1.93-2.50) 
Deacylated lecithin......... 3 Venom | 0.56 (0.48-0.65) | 0.40 (0.24-0.65) 0.96 (0.72-1.21) 
Deacylated lecithin......... 3 OH- | 0.00 1.00 (0.99-1.00) | 0.80 (0.69-0.90) | 1.00 (0.99-1.00) 
Deacylated cephalin........ 2 OH- 0.00 0.92 (0.88-0.95) 04 (0.91-1.17) | 0.92 (0.88-0.95) 


* Free of ninhydrin-reacting groups. 


a’-(1-Alkenyl)-GPC was prepared from beef or pig heart leci- 
thin fractions by a modification of the method of Hartree and 
Mann (15). Chloroform-methanol (1:1) solution, 1 ml, con- 
taining crude beef heart lecithin (150 wmoles of P) was added to 
a tube containing 5.2 ml of methanol and 0.9 ml of water. One 
milliliter of 1 N methanolic NaOH was added, and the mixture 
was incubated for 15 minutes at 37°. The reaction was stopped 
with 0.2 g of Amberlite IRC-50 (H+). The resin was removed 
by centrifugation, the supernatant solution decanted, and the 
resin washed three times with 3 ml of methanol-chloroform 
(9:1). The washes were combined with the original supernatant; 
chloroform was added to bring the chloroform-methano! ratio 
to 2:1, and 0.2 volume of water was then added to extract the 
water-soluble glycerol derivatives. The chloroform layer, con- 
taining the lipids, was evaporated to dryness, and the residue 
was washed four times with 4 ml of ether to remove fatty acids 
and any remaining lecithin. The a’-(1-alkenyl)-GPC, which is 
insoluble in ether, was then taken up in 1:1 chloroform-methanol 
and analyzed. Yields were generally better than 90% on the 
basis of the viny] ether assay. 

Enzyme Assay—An aliquot containing 1 ymole of a’-(1- 
alkenyl)-GPC was dried in the assay tube and then dissolved in 
1 ml of 0.1 m phosphate buffer, pH 7.1. The enzyme fraction 
to be assayed was added, and after incubation at 37° for a speci- 
fied length of time, the reaction was stopped by the addition of 
3 ml of chloroform-methanol (1:4) followed by 9 ml of chloro- 
form-methanol (4:1) and 1.5 ml of water. The aqueous layer, 
containing water-soluble salts, and the fluffy protein layer were 
discarded. The chloroform layer was evaporated to dryness, 
and the viny] ether was assayed potentiometrically by the method 
of Norton (11). The decrease in vinyl ether indicated the ex- 
tent of reaction. Because this method will measure not only 
vinyl ethers but also mercaptans and other reducing agents 
capable of reducing iodine, control tubes without enzyme and 
others without substrate were run simultaneously. The results 
of the control experiments consistently indicated that little or no 
nonenzymatic cleavage occurred. 

Enzyme Preparation—Rat liver subcellular fractions were pre- 
pared from homogenates of fresh tissue in 3 volumes of 0.25 M 
sucrose. The homogenate was centrifuged at 2000 x g for 15 
minutes to obtain the nuclei and cell debris. This precipitate 
was washed with several volumes of 0.25 m sucrose and resedi- 
mented, and the resulting supernatant wash was added to the 
original supernatant solution. In a similar manner, the mito- 
chondrial, heavy microsomal, light microsomal, and soluble frac- 
tions were obtained by centrifugation at 13,000, 23,000, and 


78,000 x g for 20, 30, and 90 minutes, respectively. All sedi- 
mented subcellular fractions were taken up in a volume of 0.25 m 
sucrose solution equal to the weight of the fresh tissue. The 
microsomal fraction can be kept frozen for long periods of time 
without loss of activity. 

Some preliminary attempts to purify the microsomal enzyme 
have shown that up to a 2-fold purification can be accomplished 
by treating a microsomal suspension with 1% Tween 20, centri- 
fuging it for 1 hour at 87,000 x g, and discarding the supernatant 
extract. In some of the experiments reported below, these 
Tween 20-treated microsomes were used rather than the original 
microsomal suspension. 


RESULTS 


Functional Group Analyses—Lecithin (diacyl-GPC) and cepha- 
lin (diacyl-GPE) would be expected to give a ratio of ester to 
phosphorus of 2.0. This ratio will be lowered when plasmalo- 
gens are present because some hydroxyl groups will be bound to 
l-alkenyl groups rather than esterified with fatty acids. The 
ratio of ester plus aldehyde to phosphorus should be equal to 
2.0, however. In these experiments, the fuchsin reagent for 
aldehydes was added after acidic HgCle, so that vinyl ethers, 
hemiacetals, and free aldehyde are included in the aldehyde 
analysis. When hemiacetals or free aldehydes are present in 
the lipid fractions, analysis for viny] ether will give lower values 
than those for total aldehyde. 

Treatment of lecithin with snake venom yields a deacylated 
product that contains a ratio of ester plus aldehyde to phos- 
phorus of 1.0, whereas alkaline hydrolysis of lecithin yields a 
completely deacylated product with an aldehyde to phosphorus 
ratio of 1.0. 

Subcellular Location of Enzyme—Although enzymatic activity 
was demonstrated in several subcellular fractions of rat liver, 
the highest specific activity and the greatest total activity were 
found in the microsomal fraction sedimented between 23,000 x g 
for 30 minutes and 78,000 x g for 90 minutes, as shown in Table 
II. The activity of the nuclear fraction in this experiment may 
arise from the presence of unbroken cells rather than from enzyme 
in the nuclei themselves, because rehomogenization and centrifu- 
gation produce an active microsomal fraction. Because of the 
relatively high specific activity of the light microsomal fraction, 
this fraction was used in further studies. 

Enzymatic Nature of Reaction—The results in Table III indi- 
cate the effect of various chemical and physical treatments on 
the catalytic agent. The hydrolytic activity is destroyed by 


prior treatment with heat, acid, alkali, and chymotrypsin, the 


q 
| 
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II 
Subcellular localization of enzyme 


The reaction mixture included 100 umoles of phosphate buffer, 
pH 8.0, 1.08 uzmoles of alkenyl-GPC, and protein as indicated be- 
low, ina total volume of1.2ml. The specific activity is calculated 
as the number of micromoles of vinyl ether cleaved per hour per 
mg of protein for a 15-minute incubation at 37°. The total ac- 
tivity is expressed as micromoles of vinyl ether cleaved per hour 
per g of liver tissue. 


umole mg 
0.26 5.3 0.20 22* 
Mitochondria......... 0.18 4.3 0.17 3.9 
Heavy microsomes....| 0.11 4.6 0.10 0.5 
Light microsomes..... 0.70 5.5 0.51 28 
Supernatant.......... 0.01 8.6 0.00 0.0 


* Perhaps due largely to remaining unbroken cells (see text). 


destruction being markedly greater in the solubilized prepara- 
tion than in the intact microsomes. 

The microsomes were readily solubilized (15 mg of protein per 
ml) by adding a sodium deoxycholate solution to give a final 
concentration of 0.5%. No enzymatic activity could be sedi- 
mented from such a preparation by centrifugation at 87,000 x g 
for 60 minutes. Similar treatment with 1% Tween 20 did not 
solubilize the enzyme activity, but sufficient nonactive protein 
was extracted by this treatment to double the specific activity. 
The enzyme could be precipitated from solubilized preparations 
by 40% saturated (NH,)2SO,. Dialysis of the solubilized prep- 
arations against 0.25 m sucrose, 0.1 m phosphate buffer (pH 7.1), 
or deionized water could proceed for long periods of time without 
destroying the activity. 

The presence of Mg++, Ca++, or metal complex-forming agents 
such as Versene, fluoride, and citrate had no effect on the ac- 
tivity of the enzyme. The reaction appears to take place 
equally well in phosphate or Tris buffer, but high ionic strength 
(1 m phosphate buffer, pH 8.0) and heavy metal ions were detri- 
mental. lLyophilization of the microsomes caused no loss of 
activity, although repeated thawing and freezing of the micro- 
somal suspension caused a gradual decrease in activity. 

Enzyme Specificity—Table IV shows that the liver microsomal 
enzyme catalyzes hydrolysis of the vinyl ether of a’-(1-alkenyl)- 
GPC. Negative results were obtained with a’-(l-alkenyl)- 
GPE and #-acyl-a’-(1-alkenyl) derivatives of GPC and GPE. 

Enzyme Kinetics—The enzyme activity shows a first order 
dependence upon time and enzyme concentration, as indicated 
in Fig. 1. Substrate concentration was varied between 0.00017 
M and 0.010 m to obtain the relationship between velocity and 
substrate (Fig. 3). The reaction mixtures contained substrate, 
1.61 mg of Tween-treated microsomal protein, and 100 umoles 
of phosphate buffer, pH 7.1 (the optimal pH, Fig. 2) and were 
incubated for 15 minutes at 37°. The approximate kinetic 
constants for the enzyme at this state of purity are K,, = 1.7 X 
10-* m and ks = 2.6 umoles per hour per mg of protein. In 
further studies on purification of this enzyme, these values will 
provide a basis for estimating the extent of purification. 

Stoichiometry of Reaction—The reaction mixtures described in 
Table V were treated with chloroform-methanol solutions as 
described in “Enzyme Assay,’ and the aqueous layers were 
removed for analysis of the water-soluble reaction products. 
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Tris-chloride buffer was used in Experiment A to allow the de. 
tection of any P; that might be produced by extensive hydroly- 
sis of the substrate. No P; was produced during the hydrolysis 
of the vinyl ether, but an equivalent amount of organic phos- 
phorus was converted to a water-soluble form. Similarly, an 
equivalent amount of vicinal hydroxyl groups appeared in the 
aqueous layer. The aqueous solution was put on a mixed bed 
ion exchange column, and more than 80% of the phosphate was 
eluted with distilled water. The presence of GPC in the eluate 
was confirmed with the use of paper chromatography. 
Measurements of total aldehyde in the reaction mixture gave 
decreasing values as the reaction proceeded, although no losses 
occurred in control vessels. The loss of vinyl ether was greater 
than the loss of fuchsin-reactive material, and chromatographic 
separation of the reaction mixture showed that free aldehyde was 


TaBie III 


Effect of protein denaturants, complexing agents, and 
metal ions on the enzymatic activity 

Experiment A—The reaction mixture included 100 umoles of 
phosphate buffer, pH 7.1, 1.6 mg of protein (intact microsomes) 
or 1.4 mg of protein (solubilized microsomes), and 1.03 zmoles of 
alkenyl-GPC in a total volume of 1.2 ml. 

Experiment B—The reaction mixture included 100 yumoles of 
phosphate buffer, pH 7.1, 1.8 mg of protein (intact microsomes) 
or 2.0 mg of protein (solubilized microsomes), and 1.08 umoles of 
alkenyl-GPC, in a total volume of 1.2 ml. The enzyme prepara- 
tions were preincubated with 0.1 mg of chymotrypsin per 10 mg 
of protein (solubilized microsomes), or 0.1 mg/18 mg of protein 
(intact microsomes). 

Experiment C—Conditions were the same as in Experiment B. 

Experiment D—Conditions were the same as in Experiment B 
except that Tris buffer was used rather than phosphate buffer. 

Results are expressed as micromoles of vinyl ether lost during 
a 15-minute incubation at 37°. 


Intact Solubilized 
mucrosomes microsomes 
Prior incubations of enzymes 
Experiment A 
30 min. at 37° in 0.05 m OH-........ 0.36 0.09 
30 min. at 37° in 0.05 mw Ht......... 0.30 0.00 
Experiment B 
50 min. at 37° + chymotrypsin...... 0.29 0.06 
Additions 
Experiment C 
Citrate, 12 amoles. 0.66 0.54 
Experiment D 
0.55 
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TaBLe IV 
Enzyme specificity 
The reaction mixture included 100 umoles of phosphate buffer, 
pH 8.0, 2.2 mg of protein from Tween-treated microsomes, and 
substrate as indicated below in a total volume of 1.2 ml. The re- 
sults are expressed as the number of micromoles of viny! ether lost 
during a 15-minute incubation at 37°. 


Substrate Amount added |Amount cleaved 
moles 

1.76 0.00 
p-Acyl-a’-(1-alkenyl)-GPE............ 1.95 0.00 

10 
A. B 
> 
4 
0 
o 
304+ 
= 

fo 
MINUTES MG. PROTEIN 


Fic. 1. Dependence of extent of reaction on time (A) and 
enzyme concentration (B). A. The reaction mixture contained 
10 wmoles of phosphate buffer, pH 7.1, 1.19 wmoles of alkenyl- 
GPC, and 2.0 mg of protein from Tween-treated microsomes. 
B, The reaction mixture contained 100 umoles of phosphate 
buffer, pH 8.0, 1.14 umoles of alkenyl-GPC, and varying amounts 
of protein from lyophilized microsomes, incubated for 15 minutes. 
All incubations were carried out at 37° in a total volume of 1.2 ml 
and results are expressed as micromoles of vinyl ether cleaved 
under the specified condition. 


T 


MICROMOLES CLEAVED 
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Fig. 2. Effect of pH on enzymatic activity. The reaction mix- 
ture contained 100 zmoles of phosphate buffer (T/2 = 0.3), 1.16 
snoles of alkenyl-GPC, and 2.0 mg of protein from Tween-treated 
microsomes in a total volume of 1.2ml. Control tubes containing 
no enzyme were run to measure nonenzymatic cleavage. Results 
are indicated as micromoles of vinyl ether lost during a 15-min- 
ute incubation at 37°. 
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Fig. 3. Dependence of initial velocity on substrate concentra- 
tion. The reaction mixture contained 100 umoles of phosphate 
buffer, pH 7.1, 1.6 mg of protein from Tween-treated microsomes, 
and 0.2 to 12.1 umoles of alkenyl-GPC in a total volume of 1.2 ml. 
The initial velocity, v, is expressed as micromoles of vinyl ether 
cleaved per hour, for a 15-minute incubation at 37°. 


TABLE V 
Stoichiometry of reaction 

The reaction mixtures contained the following. For Experi- 
ment A, 200 umoles of Tris buffer, pH 7.1, 8.8 umoles of alkenyl- 
GPC, and 26 mg of microsomal protein, in a total volume of 2.8 
ml, were incubated for 30 minutes at 37°. Experiment B was 
similar to Experiment A except that phosphate buffer was substi- 
tuted for the Tris buffer. In Experiment C, 100 umoles of phos- 
phate buffer, pH 7.1, 4.0 umoles of alkenyl-GPC, and 9.6 mg of 
microsomal protein, in a total volume of 1.3 ml, were incubated 
for 30 minutes at 37°. Results are given as micromoles lost or 


gained of the particular functional group measured. The control 
tubes contained no enzyme. 


Experiment Control 
A. Loss of vinyl ether.............. 2.3 0.1 
Water-soluble P appearing....... 2.2 0.1 
Chloroform-soluble P lost....... 2.4 0.0 
B. Loasiof vinyl ether’. 2.3 0.0 
Water-soluble glycol appearing. .| 2.1 0.0 
C. Loss of vinyl ether.............. 1.5 0.2 
Appearance of free aldehyde*....| 0.8 1.6 0.2 0.2 
Loss of total aldehyde........... 0.8) 0.0) 


* The free aldehyde was isolated by chromatography. 


a major product. Furthermore, all of the unreacted viny] ether 
could be isolated in the phospholipid fraction from the silicic 
acid columns. The loss of total aldehyde is discussed later in 
this paper. 


DISCUSSION 


Rapport and Franzl (16) showed that snake venom acts on 
crude beef heart lecithin (ester to P, 1.4; aldehyde to P, 0.6) to 
convert the aldehydogenic material from an ether-soluble to an 
ether-insoluble form. During the incubation one ester group 
was lost per phosphate residue, giving a mixture in which the 
ratio of the sum of aldehyde plus ester to phosphorus equals 1 
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(ester to P, 0.4; aldehyde to P, 0.6). To confirm the nature of 
the lipid products, this experiment was repeated by us. An 
aliquot of the reaction mixture was chromatographed on silicic 
acid and eluted with solutions reported previously to separate 
lecithin and lysolecithin (17). Analyses of the fractions ob- 
tained indicated that approximately 85% of the plasmalogen 
had been converted to alkenyl-GPC by the action of snake 
venom. In the light of the re-evaluation of the site of attack of 
snake venom phospholipase A on licithin (18, 19), the snake 
venom appears to be producing lysoplasmalogen by hydrolysis 
of the ester on the 8-carbon, indicating that the vinyl ether 
group in beef and pig heart plasmalogen is on the a-carbon. 

This positional assignment for the vinyl ether is supported by 
the results of Marinetti et al. (20) who prepared the saturated 
glyceryl ethers by catalytic hydrogenation followed by alkaline 
hydrolysis of pig and beef heart phospholipids. The isolated 
glyceryl ether reacts with 1 mole of periodate per mole of glyceryl 
ether on the basis of formaldehyde produced. Similarly, De- 
buch (21) showed that hydrogenation and hydrolysis of brain 
cephalin yielded exclusively a-glyceryl ethers, as characterized 
by periodate oxidation and infrared spectra. 

Considerable evidence now indicates that the aldehydogenic 
group is a vinyl ether rather than a hemiacetal. Debuch (22) 
was able to show that predominantly C,; and Cy; fatty acids are 
produced by successive treatment of plasmalogens with ozone 
and peracetic acid. These acids could arise from the saturated 
aldehydes produced by ozonolysis of a substituted vinyl ether 
group since acid hydrolysis of the original lipid gives only 
saturated Cys and Cis aldehydes. Siggia and Edsberg (23) 
showed that vinyl] ethers react readily with methanolic iodine, 
whereas other unsaturated compounds do not. This property 
has been used by Rapport and Lerner (24) to show that es- 
sentially all naturally occurring plasmalogens have the vinyl 
ether structure. The vinyl ether structure of plasmalogen was 
confirmed by Blietz (25), since the acid hydrolysis of plasmalogen 
in tritiated water produces a long chain aldehyde containing 
tritium attached to the second carbon atom. 

A deacylated form of plasmalogen was first isolated after 
vigorous alkaline hydrolysis of muscle phospholipids (26). This 
isolation procedure was used by Thannhauser et al. (4), who 
suggested that the product from brain phospholipid was a cyclic 
acetal derivative of glycerylphosphorylethanolamine. Rapport 
et al. (7) and Hartreee and Mann (15) used mild alkaline condi- 
tions to prepare from beef heart lecithin a product that con- 
tained the vinyl] ether rather than the acetal form. The ad- 
vantage of the mild alkaline hydrolysis lies in the absence of the 
acyl-GPC that is always present in the product prepared by snake 
venom hydrolysis. Alkenyl-GPC has been prepared by both 
methods and both preparations were suitable substrates for the 
microsomal enzyme. 

Thiele (27) and Bergmann and Liebrecht (28) described condi- 
tions under which considerable nonenzymatic cleavage of various 
plasmalogens occurred. Metal ions were shown to be especially 
effective cleaving agents, and traces of metal in the lipid prepara- 
tions were believed to be the major cause of the spontaneous 
reaction (29). Our lipid preparations gave essentially no reac- 
tion without added microsomes. Furthermore, the lability of 
the catalytic agent to heat, acid, alkali, and chymotrypsin indi- 
cates that it is protein in nature. The enzymatic reaction 
showed no increased response to magnesium ions, and Versene, 
fluoride, or citrate did not inhibit the enzyme-catalyzed reaction. 
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So far, no cofactors have been shown to be necessary for the 
reaction, even after 24-hour dialysis of solubilized microsomes 
against distilled water. 

The analyses of the water-soluble product of the reaction 
indicate that 1 mole of GPC is formed for each mole of viny| 
ether that is lost. Silicic acid chromatography of the chloro- 
form-soluble reaction products was carried out to demonstrate 
the presence of free aldehyde. If free aldehydes were the sole 
product of the reaction no change should occur in the total 
aldehyde content, because both vinyl ethers and free aldehydes 
are measured by the Fuchsin method. Although it has been 
possible to show a significant production of free aldehyde by 
this method, stoichiometric recovery has not been effected, 
This is not surprising in the light of the work of Schmidt e¢ al, 
(30), who showed that free aldehyde rapidly disappears, pre- 
sumably by aldol formation and polymerization, from aqueous 
solution at 37° at pH values greater than 6. We have shown, 
however, that the loss of vinyl ether can be equated with the 
sum of the free aldehyde appearing and the decrease in total 
aldehyde. Because there is loss of fuchsin-reactive material 
(total aldehyde) only in the systems where free aldehyde is 
formed, this loss may be due to the behavior of free aldehydes 
described by Schmidt. 

Whether intermediate forms are involved in the hydrolytic 
reaction is not yet clear from the present experiments. Since 
the only active substrate contains a hydroxy! group adjacent to 
the vinyl ether, some interaction with this hydroxyl may be 
necessary for the enzyme-catalyzed reaction. The deacylated 
substrate would allow a less hindered contact of the alkenyl 
group with the enzyme but also the free hydroxyl group could 
assist in a concerted displacement to produce free aldehyde. 
Possibly, the acetal structure is an intermediate in the enzymatic 
reaction. 

The present recognition of an enzyme in mammalian tissues 
that can hydrolyze the vinyl] ether linkage provides the basis for 
understanding the metabolic breakdown of plasmalogens. The 
specificity of the liver enzyme suggests that in contrast to 
acylalkenyl-GPC the GPE derivatives are not readily metabo- 
lized, but perhaps must be converted to GPC derivatives before 
the alkenyl substituent can be removed. Furthermore, these 
results suggest that the metabolic breakdown in vivo of plasmalo- 
gen may first involve a lecithinase to produce alkenyl-GPC with 
a free B-hydroxyl group. Further hydrolysis to yield free 
aldehyde and a-glycerylphosphorylcholine could then be effected 
by the enzyme discussed in this paper. 


SUMMARY 


The results of this paper indicate that rat liver contains an 
enzyme that catalyzes the hydrolysis of the vinyl ether linkage of 
plasmalogen. The enzyme is located principally in the micro- 
somal fraction. No additional cofactors are required for re- 
action to proceed in dialyzed preparations. Of the substrates 
tested, only a deacylated derivative (a’-(1-alkenyl)-glyceryl- 
phosphorylcholine) of plasmalogen was found to be active and 
the products of the reaction were free aldehyde and a-glyceryl- 
phosphorylcholine. 
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Studies in recent years by Horowitz (1), Wolf and Nyc (2), 
Hall and Nye (8), Artom (4), Crowder and Artom (5), Artom, 
Lofland, and Oates (6), and Bremer and Greenberg (7) have pro- 
vided strong evidence for the biological formation of structural 
analogues of cephalins in which one or both hydrogen atoms 
of the amino group are replaced by a methyl group. The N- 
methyl derivatives of cephalin have been observed both as 
end products of an incomplete synthesis of lecithin by the mu- 
tant strain 47904 of Neurospora crassa, and as short lived inter- 
mediates in the synthesis in vivo and in vitro of lecithin in the 
presence of N-monomethyl- and N ,N-dimethylethanolamine or 
their phosphate esters. Except for the isolation of an N ,N- 
dimethylcephalin by Artom (4), most of the earlier evidence for 
the natural occurrence of N-methyl derivatives of cephalin was 
circumstantial. It has been reviewed by us in more detail in a 
recent publication reporting a chemical synthesis of an N-mono- 
methylcephalin (8). Since then, several other publications have 
appeared confirming the role of the N-monomethyl- and N ,N- 
dimethylcephalins as normal products of cell metabolism. Hall 
and Nyc (9) identified as N-monomethyl- and N ,N-dimethyl- 
cephalins two phospholipids which they had isolated from the 
mutant strain 47904 of N. crassa. Artom and Lofland (10), 
by means of a C-labeled phosphatidyl dimethylethanolamine, 
showed that it is converted directly to lecithin by methylation 
of the intact phospholipid, and thus is an immediate precursor 
of lecithin. Bremer and Greenberg (11) confirmed their former 
conclusion (12) that choline is synthesized by a progressive 
methylation of the amino group of cephalin. Work reported 
by Gibson, Wilson, and Udenfriend (13) essentially corroborates 
their findings, and offers further support for the reaction mecha- 
nism proposed by Bremer and Greenberg. 

The N-methyl derivatives of cephalin are of interest for still 
other reasons. For instance, in multiple sclerosis it is known on 
histochemical grounds that there is a disturbance of the lipid 
metabolism. According to a hypothesis advanced some years 
ago by Sperry and Waelsch (14), the disturbance is the result of 
an imbalance in the anabolism and catabolism of the normal 
lipids of the nervous tissue. An alternative mechanism has 
been suggested recently by us (8). It assumes that the synthe- 
sis of lecithin does not go to completion for the lack of certain 
enzymes responsible for the stepwise methylation of cephalin 
to lecithin. The intermediates, viz. the N-monomethyl- and 


he Alternative name, phosphatidyl (N,N-dimethy])ethanola- 
mine. 


N ,N-dimethylcephalins, unable to perform the biological fune- 
tions of the normal end products of synthesis, are perhaps re- 
moved and may thus contribute to the demyelination of the 
nervous tissue. Similar considerations may also apply to corre- 
sponding sphingomyelin precursors. 

To make available reference compounds for the elucidation of 
the structure and configuration of naturally occurring N-methyl- 
substituted cephalins, and as substrates for biological investiga. 
tions, the synthesis of N-monomethyl- and N ,N-dimethyl- 
cephalins of assured structure and configuration was undertaken. 
The present publication, the second in this series, reports the 
synthesis of an optically active N ,N-dimethylcephalin. 


EXPERIMENTAL PROCEDURE 


As far as the authors are aware, the synthesis of optically ac- 
tive a-N,N-dimethylcephalins has not yet been reported. 
However, in a recent publication by Bremer and Greenberg 
(11) on the methyl-transferring enzyme system of microsomes 
in the biosynthesis of lecithin, it has been announced that Dr. 
D. Shapiro has succeeded in synthesizing racemic (N ,N-di- 
methyl)distearoyl-a-cephalin. Details of the procedure are not 
yet available. A dl-(N ,N-dibenzyl)cephalin has been reported 
by Verkade and Stegerhoek (15, 16) as an intermediate in the 
synthesis of racemic a-cephalins. It was obtained by the 
condensation of silver benzyl diacyl-glycerol-a-phosphate with 
2-(dibenzylamino)ethyl bromide in boiling benzene. It is un- 
likely, however, that the N ,N-dibenzylcephalin is a physiologi- 
cal compound. 

A series of investigations in this laboratory have culminated 
in the synthesis of the L-a isomers of glycerophosphoric acid 
(17, 18), saturated and unsaturated lecithins (19, 20) and 
cephalins (21, 22), a saturated phosphatidyl serine (23), and the 
basic structural units of these phosphatides, viz. glycerylphos- 
phorylcholine (24), glycerylphosphorylethanolamine (25) and 
glycerylphosphorylserine (26). Comparison of the synthetic 
products with the corresponding natural products established 
that naturally occurring glycerophosphatides possess the a 
structure and configuration. Naturally occurring N-mono- 
methyl- and N,N-dimethylcephalins, whether considered 3% 
derivatives of cephalin or as precursors in the biosynthesis of 
lecithin, would be expected to possess the same structure and 
configuration. Hence, the N-methyl and N ,N-dimethy] deriva- 
tives of cephalin were prepared possessing the a structure and 1 
configuration. In deciding on stearic acid as substituent for the 
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N,N-dimethylcephalin to be synthesized, we took into considera- 
tion that a considerable part of the saturated as well as unsatu- 
rated fatty acids of naturally occurring glycerophosphatides 
have unbranched chains of 18 carbon atoms, and, thus, on reduc- 
tion would yield phosphatides with stearic acid as the main sub- 
stituent. 

In a recent publication (8), we described the chemical synthe- 
sis of an L-a-(monomethyl)cephalin. The particular procedure 
chosen for its preparation was one that experience has shown 
can be relied upon to give structurally and optically pure phos- 
pholipids, an important consideration if it is impossible to check 
the optical purity of the synthetic compound by comparison 
with natural material. The N-monomethylcephalin was 
obtained by phosphorylating ,6-distearin with phenylphos- 
phoryl dichloride and pyridine, esterifying the resulting distea- 
royl t-e-glycerylphenylphosphory] chloride with N-carbobenz- 
oxy-N-(methyl)ethanolamine, and removing the protective 
phenyl and benzyl groups by catalytic hydrogenolysis. Unex- 
pectedly, however, synthesis of the N,N-dimethylcephalin 
proved much more difficult. When we attempted to prepare 
the distearoyl L-a-N ,N-dimethylcephalin by the procedure that 
gave L-a-(N-methyl)cephalin, using N , N-dimethylethanolamine 
instead of N-carbobenzoxy-(N-methyl)ethanolamine, we were 
unable to obtain the intermediate, viz. distearoyl L-a-glyceryl- 
phenylphosphoryl-N ,N-dimethylethanolamine in a_ practical 
yield. The mixture of reaction products after removal of pyri- 
dine contained barely one-third of the theoretical amount of 
nitrogen. Attempts to isolate the pure intermediate by column 
chromatography of the reaction mixture on silicic acid were not 
successful. We were equally unsuccessful in obtaining N ,N- 
dimethyleephalin by reversing the phosphorylation procedure, 
ie. phosphorylating first the N ,N-dimethylethanolamine with 
phosphorus oxychloride and triethylamine, and esterifying the 
reaction product with p-a,@-distearin. The failure of both pro- 
cedures to give appreciable amounts of the desired phosphoryla- 
tion products of N ,N-dimethylethanolamine may be the result 
of phosphorus oxychloride acting as a chlorinating agent rather 
than as a phosphorylating agent. The ease with which N ,N- 
dimethylethanolamine reacts with thionyl chloride to form di- 
methylaminoethyl chloride (27) would seem to support this sup- 
position. 

We then tried to prepare distearoyl L-a-N ,N-dimethylcepha- 
lin by a procedure which had yielded t-a-(dioleoy])lecithin (20). 


in boiling benzene 


t 
H:C—O— P—O—CH:—CH:N(CH;)2 
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Distearoyl L-a-glycerylphosphoryl-N , N-dimethylethanolamine 
ScHEME 1 
Synthesis of N,N-Dimethylcephalins 


The unsaturated lecithin was obtained by heating a solution 
of the barium salt of L-a-dioleoylglycerylphosphoryl ethylene 
chlorohydrin and of trimethylamine in benzene to 60° for 4 
days. However, on treating L-a-distearoylglycerylphosphoryl 
ethylene bromohydrin with dimethylamine under similar experi- 
mental conditions, a mixture of reaction products was formed 
that contained little or none of the desired N ,N-dimethylcepha- 
lin. 

We finally succeeded in obtaining the distearoyl L-a-N , N-di- 
methyleephalin by condensing the silver salt of distearoyl 
t-a-glycerophosphoric acid monobenzyl ester with N ,N-di- 
methylaminoethy] chloride, and removing the protective benzyl 
group of the phosphoric acid by catalytic hydrogenolysis (Reac- 
tion scheme: XI — XII — XIII). Our procedure for the syn- 
thesis of optically active a-(N ,N-dimethyl)cephalins, which re- 
sembles in its latter stages that of Verkade et al. (15, 16) for 
the preparation of racemic a-cephalins, is outlined in totality by 
the following sequence of intermediate compounds: p-mannitol 
(I) — 1,2,5,6-diacetone p-mannitol (II) — acetone p-glyceral- 
dehyde (III) — p-acetone glycerol (IV) — a-(p-toluenesulfonyl)- 
p-acetone glycerol (V) — a-iodo-acetone-L-propylene glycol 
(VI) — a-iodo-1-propylene glycol (VII) — distearoyl L-a-iodo- 
propylene glycol (VIII) — distearoyl L-a-glycerophosphoric acid 
dibenzyl ester (IX) — distearoyl t-a-glycerophosphoric acid 
monobenzyl ester sodium salt (X) — distearoyl L-a-glycero- 
phosphoric acid monobenzy] ester silver salt (XI) — distearoyl 
L-a-glycerylphosphoryl-N , N-dimethylethanolamine benzyl ester 
(XII) distearoyl t-a-glycerylphosphoryl-N ,N-dimethyl- 
ethanolamine (XIII). The last two steps of the synthesis are 
shown in greater detail by reaction Scheme 1. 

The silver salt of the distearoyl L-a-glycerophosphoric acid 
monobenzyl ester (IX) was prepared from a-iodo-L-propylene 
glycol (28), via distearoyl L-a-glycerophosphoric acid dibenzyl 
ester (29), as described by Stanacev and Kates (30) for the cor- 
responding palmitoyl compound. The distearoyl L-a-glycero- 
phosphoric acid dibenzyl ester ([X) can also be obtained from 
p-acetone glycerol (IV) via the following route: p-acetone glyc- 
erol-a-benzyl ether (Va) — t-a-benzyl glycerol ether (VIa) 
— p-a,@-distearin-a-benzyl ether (VIIa) — p-a,@-distearin 
(VIIIa) — distearoyl t-a-glycerophosphoric acid dibenzyl ester 
(IX). Both routes, viz. IV — IX and IV — Va — Vla — 


Vila — VIIIa — IX, require the preparation of the same num- 
ber of intermediate compounds. 


a 
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Materials—a-lodo-u-propylene glycol was prepared by the 
method of Baer and Fischer (28) from p-mannitol via the fol- 
lowing intermediates: 1,2,5,6-diacetone p-mannitol (18, 31) 
— acetone p-glyceraldehyde (18) — p-acetone glycerol (18) — 
a-(p-toluenesulfonyl)-p-acetone glycerol (28) — a-iodoacetone 
L-propylene glycol (28). Silver dibenzyl phosphate was ob- 
tained from sodium dibenzyl phosphate (32), by acidifying the 
aqueous solution of the sodium salt with sulfuric acid, isolating 
the dibenzyl phosphate, and converting it to the silver salt as 
described by Sheehan and Frank (33). The p-toluenesulfony] 
chloride was purified by recrystallization from low boiling pe- 
troleum ether. The sodium iodide was dried by heating to 120° 
for 6 hours. 

N ,N-Dimethylaminoethyl Chloride—The dimethylaminoethy] 
chloride was prepared from its hydrochloride (34) by the method 
of Knorr (27). Inasmuch as the procedure is described but 
briefly, and the nitrogen values reported by Knorr for N ,N- 
dimethylaminoethyl chloride are not very satisfactory (Calcu- 
lated: N 13.02, Found: N 11.85 and 12.05), we give a more de- 
tailed description of its preparation. To a cold solution of 14.0 
g of N,N-dimethylaminoethyl chloride hydrochloride in 15 ml 
of water was added a solution of 10 g of potassium hydroxide in 
10 ml of water, and the mixture was extracted with two 25 ml 
portions of ether. The combined ethereal extracts were dried 
with anhydrous magnesium sulfate for 15 minutes, and the 
ether was removed by distillation under normal pressure. The 
faintly yellow, oily residue on distillation under normal pressure 
gave 6.5 g (62.1% of theory) of colorless N ,N-dimethylamino- 
ethyl chloride: b.p. 109-110° (bath temperature 135°); b.p. 
reported (27) 109-110°. The N ,N-dimethylaminoethy] chloride 
was prepared for immediate use only, because it has the tend- 
ency to dimerize, forming a piperazine derivative. 


C,HioNCl (107.6) 


Calculated: N 13.02 
Found: N 12.80 
SYNTHESIS 


Distearoyl a-Iodo-t-propylene Glycol (VIITI)—Into a 250-ml 
three-necked round flask equipped with an oil-sealed stirrer, 
calcium chloride tube, and dropping funnel, were placed 2.5 g 
(12.5 mmoles) of a-iodo-L-propylene glycol, 20 ml of dry and 
ethanol-free chloroform, and 3.5 ml of anhydrous quinoline. To 
the solution were added with stirring 7.57 g (25 mmoles) of 
freshly distilled stearoyl chloride dissolved in 30 ml of anhy- 
drous chloroform, and the mixture was kept in the dark at room 
temperature (20-22°) for 6 days. At the end of this period, the 
clear solution was diluted with 150 ml of anhydrous ether, the 
quinoline hydrochloride was filtered off, and the filtrate was 
washed successively with two 25 ml portions of ice-cold 0.5 N 
sulfuric acid, 25 ml of water, two 25 ml portions of a half-satu- 
rated solution of sodium bicarbonate, and then was dried with 
anhydrous sodium sulfate. The ether was distilled off under 
reduced pressure from a bath at 30-35°, and the solid residue 
was redissolved in 30 ml of anhydrous ether. The solution was 
cleared, and to the filtrate were added 45 ml of 99% ethanol. 
On standing overnight at +8°, the solution deposited 6.0 g 
(65.9% of theory) of distearoyl a-iodo-L-propylene glycol, which 
on recrystallization under the same conditions as above gave 
5.5 g of a colorless, crystalline product melting at 54.5-55.0°; 
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[a}?* +3.28° in anhydrous and ethanol-free chloroform (6.4) 
Mp +24.1° 


’ 


(734.9) 


Calculated: C 63.74, H 10.29, I 17.27 
Found: C 63.36, H 10.00, I 17.39 
C 64.00, H 10.37, 117.16 


Distearoyl t-a-Glycerophosphoric Acid Dibenzyl Ester (IX)—A 
solution of 7.35 g (10 mmoles) of distearoyl a-iodo-L-propylene 
glycol and 4.24 g (11 mmoles) of silver dibenzyl phosphate jn 
70 ml of anhydrous and thiophene-free benzene, while being 
stirred, was boiled under reflux in the dark for 32 hours. The 
mixture was filtered while hot, the silver iodide was washed with 
hot benzene, the filtrates were combined, and the benzene was 
distilled off under reduced pressure from a bath at 35°. The 
colorless, solid residue on recrystallization from 100 ml of low 
boiling petroleum ether gave 5.3 g of distearoyl L-a-glycerophos- 
phorie acid dibenzyl ester. An additional 0.8 g of the ester was 
obtained by concentrating the mother liquor to about one-half 
of its volume. Total yield of distearoyl L-a-glycerophosphoric 
acid dibenzyl ester 6.1 g (68.9% of theory); m.p. 58.5-59.0°; 
[a], +2.8° in ethanol-free chloroform (¢ 5.7); Mp +24.8°. 


(885.3) 
Caleulated: C 71.91, H 10.14, P 3.50 
Found: C 71.31, H 10.04, P 3.36 

C 71.82, H 10.08 


Distearoyl t-a-Glycerophosphoric Acid—A solution of 960 mg 
of distearoyl L-a-glycerophosphoric acid dibenzyl ester in 20 
ml of glacial acetic acid,! together with approximately 200 mg of 
palladium black (35) were shaken in an atmosphere of pure hy- 
drogen at an initial pressure of 50 cm of water until the absorp- 
tion of hydrogen ceased. The hydrogen was replaced with 
nitrogen, the reaction mixture was warmed slightly until clear, 
and was freed from catalyst by centrifugation. The catalyst 
was extracted with three 5 ml portions of lukewarm acetic acid, 
and the extracts were added to the main solution. The acetic 
acid was distilled off under reduced pressure from a bath at 30- 
35°, and the last traces of acetic acid were removed by drying 
the substance thoroughly at 30° in a vacuum of 0.1 mm. This 
material, on reprecipitation from its solution in 15 ml of luke- 
warm benzene by the addition of 45 ml of petroleum ether 
(b.p. 35-60°), and drying of the precipitate at room tempera- 
ture over phosphorus pentoxide in a vacuum of 0.1 mm gave 
460 mg (60.2% of theory) of distearoyl L-a-glycerophosphoric 
acid; m.p. 76.5-77.5°; [a], +3.54° in anhydrous and ethanol-free 
chloroform (c 10). Reported (36): m.p. 75.5-76.5°; [a]> +3.7° 
in chloroform (c 9.2). 

Distearoyl t-a-Glycerophosphoric Acid Monobenzyl Ester So- 
dium Salt (X)—A solution of 5.31 g (6 mmoles) of distearoyl 
L-a-glycerophosphoric acid dibenzy] ester and 1.35 g (9 mmoles) 
of sodium iodide in 50 ml of anhydrous acetone was boiled under 
reflux for 3 hours. The clear solution was brought to room 
temperature and kept overnight at +8°. The mixture was 
filtered with suction, and the material on the filter was washed 
with ice-cold anhydrous acetone. For purification, the sodium 
salt was recrystallized by dissolving it in 200 ml of boiling anhy- 
drous acetone containing 15 ml of 99% ethanol, filtering the 


1 The glacial acetic acid was refluxed for 6 hours over potassium 
dichromate and distilled with the exclusion of moisture. 
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solution while hot, and keeping the filtrate at +8°. The sodium 
salt was filtered off, washed with three 10 ml portions of cold 
acetone, and was dried over phosphorus pentoxide in a vacuum 
of 0.2 mm for 6 hours. The distearoyl L-a-glycerophosphoric 
acid benzyl ester sodium salt weighed 4.3 g (87.7% of theory); 
m.p. 164°; a}? +2.44° in chloroform (c 5). 


CusHs20sPNa (817.1) 
Calculated: C 67.61, H 10.12, P 3.79 
Found: C 67.86, H 10.50, P 3.85 
Distearoyl t-a-Glycerophosphoric Acid Monobenzyl Ester Silver 
Salt (XI)—To the hot solution of 3.9 g (4.8 mmoles) of the 
sodium salt of distearoyl L-a-glycerophosphoric acid monobenzyl 
ester in a mixture of 300 ml of acetone, 15 ml of 99% ethanol 
and 5 ml of water, was added a solution of 0.81 g (4.8 mmoles) 
of silver nitrate in 20 ml of water and 40 ml of acetone, and the 
mixture was kept overnight at +8°. The silver salt was filtered 
off, and dried over phosphorus pentoxide in a vacuum of 0.2 
mm. The silver salt of distearoyl L-a-glycerophosphoric acid 
monobenzyl ester weighed 4.0 g (92.4% of theory). M.p. 113- 
114°; [a], +4.5° in dry, ethanol-free chloroform (c 4). 


CycHs20sPAg (902) 
Calculated: C 61.25, H 9.16, P 3.44 
Found: C 61.81, H9.10, P 3.50 

Distearoyl t-a-Glycerylphosphoryl-(N , N-dimethyl) ethanolamine 
Benzyl Ester (XII)—Two and one-half millimoles (2.25 g) of 
the silver salt of distearoyl L-a-glycerophosphoric acid mono- 
benzyl ester (XI) were dissolved in 25 ml of boiling, anhydrous 
and thiophene-free benzene, and to the solution was added drop- 
wise a solution of 0.36 g (3.36 mmoles) of freshly prepared N ,N- 
dimethylaminoethy! chloride in 15 ml of benzene, and the solu- 
tion was boiled under reflux with the exclusion of light for 12 
hours. The solution then was cooled to room temperature, 
cleared by centrifugation, and the supernatant solution was 
evaporated to dryness under reduced pressure (rotary evapo- 
rator) from a bath at 35°. The solid residue, after drying over 
phosphorus pentoxide in a vacuum of 0.1 mm, weighed 2.1 g 
(97.2% of theory). It was dissolved in 20 ml of low boiling 
petroleum ether, the solution was filtered, and the filtrate was 
evaporated under reduced pressure, and the residue was dried 
as described above. The recovered material, weighing 2.05 g, 
was dissolved in 13 ml of petroleum ether (b.p. 35-60°), and the 
solution was kept overnight at +8°. The precipitate was fil- 
tered off in the cold, washed with small portions of ice-cold 
petroleum ether, and was dried over phosphorus pentoxide at 
room temperature in a vacuum of 1 mm. The distearoy! L-a- 
glycerylphosphoryl-N ,N-dimethylethanolamine benzyl! ester, a 
chromatographically homogeneous substance, weighed 1.38 g 
(64% of theory); [a], +3.75° in anhydrous and ethanol-free 
chloroform (c 6.4); m.p. 60-61°. The substance is readily solu- 
ble at room temperature in petroleum ether, benzene, chloro- 
form, and ether, but insoluble in water. 


CsoH»OsNP (866.3) 
Calculated: C 69.32, H 10.71, N 1.62, P 3.57 
Found: C 68.42, H 10.81, N 1.46, P 3.58, 3.44 


Distearoyl t-a-Glycerylphosphoryl-(N ,N-dimethyl) ethanolamine 
(XIIT)—In an all-glass hydrogenation vessel of 200 ml capacity 
were placed 806 mg of distearoyl L-a-glycerylphosphoryl-N ,N- 
dimethylethanolamine benzyl ester, 25 ml of glacial acetic acid,! 
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WAVELENGTH IN MICRONS 
Fig. 1. Infrared spectra of (A) distearoyl L-a-N ,N-dimethyl- 
cephalin; (B)  distearoyl L-a-N-methylcephalin. Beckman 
IR-5 infrared spectrophotometer. Solvent: ethanol-free chloro- 


form. Concentration of phosphatides, 5.6. Path of cell, 0.093 
mm. 


and 200 mg of palladium black (35), and the mixture was shaken 
vigorously in an atmosphere of pure hydrogen at an initial pres- 
sure of 50 cm of water for 1 hour. The reductive cleavage ap- 
peared to be complete at the end of 20 minutes. After replacing 
the hydrogen with nitrogen, the contents of the reduction vessel 
were transferred to a centrifuge tube, and the mixture was 
warmed slightly to redissolve the dimethyleephalin. The 
catalyst was centrifuged off, the supernatant solution was de- 
canted, and the catalyst was extracted with three 10 ml portions 
of chloroform. The combined acetic acid solution and chloro- 
form extracts were evaporated to dryness under reduced pres- 
sure at a bath temperature of 35-40°, and the residue was freed 
of acetic acid by drying at 40° for 4 hours in a vacuum of 0.1 
mm. This material was dissolved in 12 ml of chloroform, to the 
solution were added 20 ml of 99% ethanol, and the mixture 
after being kept for 12 hours at +8° was filtered with suction. 
The N ,N-dimethyleephalin on drying weighed 608 mg (84% 
of theory). For further purification, it was dissolved in 65 ml 
of hot 99% ethanol, the hot solution was filtered, and the filtrate, 
after gradually attaining room temperature, was kept for 6 
hours at +8°. The mixture was filtered with suction, and the 
distearoy| 1L-a-glycerylphosphoryl-N ,N-dimethylethanolamine, 
a colorless, microcrystalline substance was dried for 8 hours at 
56° (boiling acetone) in a vacuum of 0.1 mm. Yield, 526 mg 
(72.8% of theory); m.p. 169-170°;? [a], +5.4° in anhydrous, and 
ethanol-free chloroform (5.7). At room temperature, it is 
readily soluble in chloroform, fairly soluble in acetic acid or 
benzene, slightly soluble in 99% ethanol or acetone, and insolu- 
ble in ether or petroleum ether (Fig. 1). 


CasHscOsNP (776.1) 
Calculated: C 66.54, H 11.17, N 1.80, P 3.99 
Found: C 66.18, H 11.04, N 1.70, P 3.89 


DISCUSSION 
The use of two interchange reactions (VIII — IX, XI = 
XII), both at high temperatures (80°), in the preparation of 


2 The melting point is uncorrected, and was determined in a 
capillary tube with an electrically heated bath of n-butyl phthal- 
ate. 
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distearoyl u-a-N ,N-dimethyleephalin raised some doubts in 
our minds whether or not the synthesis had been achieved with- 
out racemization. 

The optical purity of the distearoyl L-a-glycerophosphoric 
acid dibenzyl ester (IX) was readily checked by removing the 
benzyl groups by catalytic hydrogenolysis, and comparing the 
specific rotation of the phosphatidic acid with that of authen- 
tic distearoyl L-a-glycerophosphoric acid. The value found 
(+3.54°) was practically identical with that reported for the 
authentic compound (+3.7°). Since Stanacev and Kates (30) 
have made a similar observation for a homologous compound, 
viz. dipalmitoyl .-a-glycerophosphoric acid dibenzyl ester, it 
appears that the synthesis of L-a-phosphatidic acid dibenzyl 
esters by the condensation of diacyl L-a-iodopropylene glycols 
with silver dibenzylphosphate proceeds without racemization. 

A check of the structural and optical purity of the synthetic 
distearoyl t-a-N ,N-dimethylceephalin (XIII), and implicitly of 
its benzyl ester (XII), was not possible for lack of the necessary 
reference compounds, either synthetic or from natural sources. 
We thus report the specific rotations of compounds XII and 
XIII with some reservation. However, the fact that the spe- 
cific rotation of distearoyl L-a-N ,N-dimethyleephalin is of an 
order of magnitude one would expect for this compound by 
analogy with t-a-distearoyleephalin and the corresponding 
lecithin, rules out the possibility that racemization has taken 
place to any significant extent during the condensation of the 
silver salt of distearoyl L-a-glycerophosphoric acid monobenzyl 
ester (XI) with N ,N-dimethylaminoethy] chloride. 

In general, phosphatides with two dissimilar fatty acid sub- 
stituents prevail in nature. However, a few phosphatides with 
two identical fatty acid substituents, saturated or unsaturated, 
have been isolated from natural sources (37-41). It is there- 
fore quite possible that the distearoyl L-a-N ,N-dimethylcepha- 
lin which we have prepared may be found to be a natural prod- 
uct. Furthermore, oleic acid and stearic acid being two of the 
more common fatty acid substituents of natural glycerophos- 
phatides, natural N ,N-dimethylcephalins containing these two 
fatty acids or other more highly unsaturated Cis-fatty acids 
would be expected on reduction to yield distearoyl L-a-N , N-di- 
methyleephalin. In either case, the synthetic distearoyl 
t-a-N ,N-dimethyleephalin should prove useful as reference 
compound for the unambiguous elucidation of the structure 
and configuration of natural N ,N-dimethylcephalins. 

The homologues of distearoyl t-a-N ,N-dimethylcephalin 
should be obtainable by the same procedure on use of the ap- 
propriate homologue of distearoyl a-iodo-L-propylene glycol. 
The N ,N-dimethylcephalins are the last in a series of five closely 
related groups of naturally occurring glycerophosphatides to 
become accessible by synthesis. The series includes the L-a- 
cephalins, Lt-a-N-methylcephalins, L-a-N ,N-dimethylcephalins, 
t-a-lecithins, and t-a-phosphatidyl-t-serines (Scheme 2, A — 
EF). 

A = —CH.—CH.NH2 
B = —CH:—CH:NH(CH;) 
Cc = —CH:—CH:2N(CHs3)2 


D = —CH.—CH;N(CH;); 
E = —CH,—CH(NH:)COOH (z) 
ScHEME 2 


R-COO—CH: 
R-COO—C—H 
Hz _o—b_o-R, 
H 


N ,N-Dimethylcephalins. I 
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SUMMARY 


The first chemical synthesis of an a-N ,N-dimethylcephalin 
with the spatial arrangement of naturally occurring glycero- 
phosphatides, viz. distearoyl 1t-a-glycerylphosphoryl-N ,N-<di- 
methylethanolamine, has been accomplished by condensing the 
silver salt of distearoyl L-a-glycerophosphoric acid monobenzy] 
ester with N,N-dimethylaminoethyl chloride, and removing 
the protective benzyl group of the reaction product by catalytic 


hydrogenolysis. 


The distearoyl L-a-N ,N-dimethylcephalin and 


distearoy] L-a-N-monomethyleephalin, also recently synthesized 


by 


us, are representative members of two newly discovered 


groups of phosphatides which have aroused interest in recent 
years as intermediates in the biosynthesis of lecithin. 
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The lipids of the mammalian brain and nervous system are 
characterized in part by a relatively high content of C2, acids, 
which occur as important fatty acid components of the sphingo- 
lipids. 

The cerebrosides, in particular, contain large amounts of both 
the unsubstituted C2, fatty acids, lignoceric and nervonic, and 
their 2-hydroxy analogues, cerebronic and hydroxynervonic 
acids. Although detailed analyses of both rat brain (1) and 
human brain (2) cerebroside fatty acids have recently been 
achieved and the quantitative pre-eminence of the C2 acids 
again demonstrated, little information is available concerning 
their biosynthesis. As early as 1940, Waelsch, Sperry, and 
Stoyanoff (3), using deuterium incorporation from body water 
as an indicator, showed that the brains of young rats contained 
significant amounts of newly synthesized fatty acids. Inasmuch 
as the brain fatty acids were isolated as a group, however, no 
conclusions could be drawn concerning the biosynthesis of the 
C2, acids. More recently, Klenk (4) has reported studies of the 
incorporation in vivo and in vitro of acetate-1-C™ into the brain 
lipids of rats. Although there was considerable radioactivity 
incorporated into both the saturated and unsaturated acids of 
the brain, cerebronic acid (the only C24 acid isolated) incorpo- 
rated no measurable radioactivity. Thus, the mode of biosyn- 
thesis of the Co, acids remained obscure. 

The experiments reported in this paper were designed with the 
hope of answering two questions about the C2, acids. First, 
is acetate the sole building block or is some non-acetate derived 
precursor also involved, particularly in the formation of the 
2-hydroxy fatty acids? Second, what biosynthesis pathways 
exist among the C2, acids generally? - 


EXPERIMENTAL PROCEDURE 


Materials—Tetracosanoic acid (m.p. 82-83°) and tricosanoic 
acid (m.p. 77-78°) were prepared from 1-bromodocosane by 
malonic ester synthesis and nitrile synthesis, respectively. 
1-Bromodocosane (m.p. 44.0-44.9°) was prepared from 1-doco- 
sanol (5). 2-Hydroxyarachidic (m.p. 94.2-95.0°), 2-hydroxy- 
docosanoic (m.p. 95.0-96.0°), and 2-hydroxytetracosanoic (m.p. 
99.6-100.3°) acids were prepared from the corresponding unsub- 


stituted analogues by a-bromination with phosphorous tribro- 


* Partially supported by a training grant from the National 
Heart Institute, Bethesda, Maryland. Present address, Depart- 
ment of Chemistry, Harvard University, Cambridge, Massachu- 
setts. 

{ This paper based partially on work performed under contract 
No. AT-04-1-gen-12 between the Atomic Energy Commission and 
the University of California at Los Angeles. 


mide and bromine at 110° followed by hydrolysis. All other 
fatty acids used as carriers were obtained from commercial 
sources and purified by recrystallization from acetone and 
petroleum ether before use. 

Treatment of Animals—Beginning from the 13th day after 
birth, 10 unweaned, unsexed rats of the same litter were given 
daily intraperitoneal injections of sodium-1-C'*-acetate. 4 
total of 4 me was administered over a 4-day period. The rats 
were killed by decapitation 33 hours after the last injection, and 
the brains were removed and frozen in Dry Ice until use. 

Isolation of Crude Cerebroside Acids—After lyophilization, the 
dry brains (2.03 g) were twice extracted in a Waring Blendor 
with 100 ml volumes of 2:1 chloroform-methanol. The extract 
was then filtered and the solvent removed under reduced pres- 
sure to yield 719 mg of total lipid. The brain lipids were then 
separated into five fractions by chromatography on a 105- x 
44-mm (inner diameter) silicic acid column (Fig. 1). Crude 
sterol was eluted with ether and the remaining lipids were 
eluted with methanol-chloroform mixtures. The major con- 
ponents were identified by thin layer silicic acid chromatography 
(6) in conjunction with standards. The crude cerebroside frac- 
tion (191 mg), which actually contained phosphatidylethanola- 
mine, phosphatidylserine, and several unidentified components 
in addition to cerebrosides, was subjected to methanolysis (1), 
and the crude methyl esters thus obtained were separated into 
unsubstituted and 2-hydroxy esters by elution from a silicic 
acid column with 3% and 20% ether in pentane, respectively. 
These two fractions were then each separated into saturated 
and unsaturated esters by use of mercuric acetate as described 
by Kishimoto and Radin (1). The methyl esters were saponi- 
fied and the unsaturated fatty acids were hydrogenated over 5% 
palladium on charcoal. A sample from each of the groups ex- 
cept the hydrogenated 2-hydroxy unsaturated acids was ana- 
lyzed by gas chromatography (1) to determine the mole fraction 
of each component. 

Isolation of Individual C2, Acids—It now remained to separate 
each group into its component fatty acids and to isolate each of 
the C2, acids in a high state of purity. The unsubstituted acids, 
after dilution with carrier, were readily separated by reversed 
phase chromatography (7). The two samples of tetracosanoit 
acid (representing lignoceric and hydrogenated nervonic acid) 
thus obtained were further diluted with inactive tetracosanoit 
acid and recrystallized to constant activity from petroleum ether. 

Although the 2-hydroxy fatty acids, as such, could not be 
separated on the reverse phase column, it was found that the 
2-acetoxy derivatives were readily separated by this technique. 
Thus, a sample of the saturated 2-hydroxy fatty acids (8 mg) 
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Fig. 1. Silicie acid chromatography of brain lipids. The elut- 
ing solvents were ether (Z) and increasing percentages of meth- 
anol in chloroform (0%, 20%, ete.). Fraction F-3 (stippled area) 
contains the crude cerebrosides. 


was diluted with 121 mg of an inactive mixture of 2-hydroxy- 
stearic, 2-hydroxy arachidic, 2-hydroxydocosanoic, and 2-hy- 
droxytetracosanoic acids. This mixture was refluxed for 2 
hours with 2 ml of acetyl chloride, and the acetyl chloride was 
then distilled off. Distillation was repeated after the addition 
of 10 ml of acetone. Finally, 5 ml of 10:1 acetone-water were 
added, and the solution was allowed to stand for about 15 min- 
utes. The solution was then pipetted into 50 ml of ether and 
dried over anhydrous magnesium sulfate. The yield of 2-ace- 
toxy acids,' after vacuum drying to remove traces of acetic 
acid, was 144 mg (theory, 145 mg). The mixture was chromato- 
graphed on a 40- X 1.2-mm (inner diameter) mineral oil-sili- 
conized Celite column constituted in the usual way. ‘The sol- 
vent system used and the separation obtained are illustrated in 
Fig. 2. After chromatography, acetone was removed from the 
collected fractions by reduced pressure distillation and the 2-ace- 
toxy acids were saponified on the steam bath for 2 hours in 5% 
aqueous potassium hydroxide. The 2-hydroxy acids were ex- 
tracted from the acidified solution with ether and chromato- 
graphed on silicic acid to remove mineral oil. Each acid was 
further diluted with inactive material and crystallized to con- 
stant activity from aqueous 1,4-dioxane and petroleum solu- 
tions. The over-all recovery of 2-hydroxy acids, before crys- 
tallization, was 95%. The hydrogenated unsaturated 2-hydroxy 
acids were isolated in the same manner and comparable yields 
were obtained. 

Stepwise Degradation of C2, Acids—The carboxyl carbon of 
2-hydroxytetracosanoic (cerebronic) was removed by perman- 
ganate oxidation in acetic acid at 25° (10) and collected as 
barium carbonate. The tricosanoic acid was degraded by the 


1Tt was noticed that 2-acetoxydocosanoic acid and 2-acetoxy- 
tetracosanoic acid, prepared in this way, had melting points of 59° 
and 64°, respectively. However, if the derivatives were allowed 
to stand in the melting point tubes at several degrees above these 
melting points, solidification soon took place and new melting 
points (76.5° and 81.0°, respectively) were obtained. Indeed, the 
higher melting points were obtained if the lower melting forms 
were allowed to stand at room temperature for several weeks. 
Thus, the 2-acetoxy derivatives are polymorphic. These results 
probably explain the disagreement between Klenk and Clarenz 
(8) and Chibnall et al. (9) concerning the melting point of 2-ace- 
toxytetracosanoic acid. 


A.J. Fulco and J. F. Mead 
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method of Dauben (11) and Mead and Howton (12) to heneico- 
sanoic acid and two successive samples of benzoic acid, the car- 
boxyl carbons of which represent carbon atoms 2 and 3 of the 
original cerebronic acid. Similarly, lignoceric acid was de- 
graded by 3 carbons and tetracosanoic acid (representing hydro- 
genated nervonic acid) was degraded by one carbon. The 
sample of 2-hydroxy nervonic acid was lost before degradation 
results could be obtained. 


RESULTS AND DISCUSSION 


Table I presents the results of silicic acid chromatography of 
the brain lipids. It is of interest to compare the specific activ- 
ity of the fatty acids obtained from silicic acid fractions F-4 and 
F-5 (brain phosphatide fatty acids) with that of the fatty acids 
obtained by saponification of the rat carcasses (Table I, Part A). 
It will be noted that the brain fatty acids are more than 18 times 
as active. Furthermore, crude brain sterol (mostly cholesterol) 
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Fig. 2. Reversed phase chromatography of the 2-acetoxy acids. 
The eluting solvents were acetone-water mixtures (i.e. A-55 = 
55% acetone). Five milliliter fractions were collected. The 
peaks are A, 2-acetoxystearic; B, 2-acetoxyarachidic; C, 2-ace- 
toxydocosanoic; D, 2-acetoxytetracosanoic. 


TABLE I 
Amounts and C4 activities of crude lipid fractions 


Fraction Weight C* activity* 

mg total d.p.s.t \d.p.s./mg 

A. Body lipids 
Nonsaponifiable material......... 531 560,000 | 1,060 

B. Brain lipids 
791 | 1,540,000 | 2,140 
(crade sterol)... 141 340,000 | 2,400 
F-3 (crude cerebroside).......... 181 372,000 | 2,050 
F-4 (crude phosphatidyl choline).| 176 263,000 | 2,360 
F-5 (crude sphingomyelin)....... 207 493 ,000 | 2,180 
Fatty acids from F-4 and F-5.... 141 447,000 | 3,170 


* All samples were counted with a liquid scintillation counter 
as described previously (12). 
{ Disintegrations per second. 
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TaBLe II TaBLe IV 
Amounts and C4 activities of crude cerebroside acids C4 activity of individual cerebroside fatty acids isolated 
by reverse phase chromatography 
Fraction Weight C¥ activity 
C* activity* 
mg total d.p.s.* \d.p.s./mg 
Unsubstituted saturated acids.......... 33.8 | 121,000 | 3,600 Chain length Acid obtained|Acid crystal- iin 
Unsubstituted unsaturated acids....... 13.6 | 31,300 | 2,300 Cereb 
2-Hydroxy saturated acids............. 9.2 | 28,800 | 3,010 raphy activity AL 
2-Hydroxy unsaturated acids........... 1.9 2,310 | 1,480 ted digs. B. | 
A. Unsubstituted saturated acids 
Disintegrations per second. <14 81 D. | 
14 740 E. | 
Taste III 16 33,000 | 31,400 i 
Gas chromatographic analysis of crude cerebroside acids* 18 51,500 52,000 
20 5,950 4,700 
| Acid in total fraction 29 5,050 | 2.750 
Chain length | : 24 9,750 7,150 Ligno 
Be Interpeak fractions 3,200 
23 <800 B. 
pmoles moles moles B. Unsubstituted unsaturated acids Cc. 
<15 | 0.5 2 <14 D.. 
6 | 3 14-22 25,800 E. | 
6 30 2.5 3 24 3,300 | 2,440 PF. 
17 4 , LS C. 2-Hydroxy saturated acids 
is 82 31 7 16 and lower 670 
19 18 805 287 i. 
20 0.3 5.7 1 20 880 465 hi 
22 4,820 | 4,760 | 
2 0.4 3.7 1 24 9,500 | 8,600 t 
23 0.07 | 26 and higher 310 
24 0.7 1.3 14 Interpeak fractions 790 mole 
>24 | D. 2-Hydroxy unsaturated acids mixtu 
; _ 16 and lower 131 the a 
* Because of the small amount of material available, the 2- 18 154 34 activi 
hydroxy unsaturated cerebroside acids were not analyzed by gas 20 147 17 tee 
chromatography. 22 370 217 their 
24 1,180 | 1,140 Th 
we 26 and higher 93 
has more than twice the specific activity of body nonsaponifiable Interpeak fractions 150 acids 
materials (again, mostly cholesterol). These values give some revea 
idea of the relatively high rate of lipid synthesis and storage in * All activities corrected to 100% yields. appes 
the brains of 2-week-old rats. Table II shows the amounts and } Disintegration per second. acids 
C'-activities of the four crude cerebroside acid fractions, whereas built 
Table III reveals the analyses of these fractions as obtained by TABLE V aceta 
gas-liquid chromatography. It should be noted that, with the C. acids isolated by reversed phase chromatography and crystallized of th 
exception of small amounts of C,; and Cy; acids and a trace of to constant activity A:B 
tricosanoic acid, acids containing an odd number of carbon atoms 7 carbo 
could not be detected. Apparently, in 16-day-old rats, the long Mole % | . Total gs eg carbo 
chain odd-numbered acids have not been synthesized in more ~ | or | ee some 
than trace amounts. Kishimoto and Radin (1) found small — ward: 
amounts of these acids in 22-day-old rats and they noticed that rr : % phasi 
the relative concentrations of the acids greatly increased with Tetracosanoic (lignoceric).......... 0.6 6.5 | 27,000 grou 
age. It is possible that the odd-numbered acids represent deg- 15-Tetracosenoic (nervonic) . ee 3.0 8.0 5,000 (18 0 
2-Hydroxytetracosanoic (cere- i 
radation products of the even-numbered higher homologues, a ical tissue 
sibility which is presently being investigated in this labora- after 
possibility which is presentl; & 15-2-Hydroxytetracosenoic (hy- 
tory. ? 50 >700 
Table IV presents the results of reversed phase chromatog- carbe 
raphy of the various groups of crude cerebroside acids. The * Corrected for dilution. form 
large loss of total activity after recrystallization of the docosanoic FR 
acid fraction (Table IV, Part A) cannot at present be explained. also ruled out the possibility that the extraneous activity was rats | 
Recrystallization of the mother liquors and interpeak fractions associated with an aldehyde since the activity was eluted with ylate 
with synthetic tricosanoic acid showed that most of the extrane- the fatty acid fraction. boxy 
ous activity was definitely not due to contamination with a Table V gives data on the C2, acids isolated by reversed phase — 
highly active trace of this acid. Silicic acid chromatography chromatography and crystallized to constant activity. The show 


stallized 


isintegra- 

ions per 

cond per 
mg* 


27 ,000 
5,000 


1,600 


>700 


vity was 
ted with 


ed phase 
ty. The 


September 1961 


TaBLeE VI 
C4 activities* of degradation products of 
cerebronic and lignoceric acids 


Sample sat 
Cerebronic acid 
A. 6.10 
Carbon atom 1)... ....... 0.626 
©. Benadic (carbon Stem 0.0298 
D. Benzoic (carbon atom 3)..................0-- 0.523 
E. Heneicosanoic (carbon atoms 4-24)........... 4.83 
F. Sum of degradation products................. 6.01 
Lignoceric acid 
B. Benzoic (carbon atom 1)..................... 10.3 
©. Benzoic (carbon atom 0.193 
D. Benzoic (carbon atom 3)...................5- 9.16 
E. Heneicosanoic (carbon atoms 4-24)........... 84.1 
F. Sum of degradation products................. 103.8 


* All activities corrected for dilution of original acids with in- 
active material. 
+ Disintegrations per second. 


mole percentage of the individual Cz acids in their homologous 
mixtures as well as their specific activities were calculated with 
the aid of gas chromatographic data. The very high specific 
activity of lignoceric acid is noteworthy as well as the fact that 
the unsubstituted Cs acids gave a higher specific activity than 
their 2-hydroxy analogues. 

The distribution of C™ activity in cerebronic and lignoceric 
acids as determined by stepwise degradation of the molecules is 
revealed in Table VI. It is at once apparent that the C™ activity 
appears almost exclusively in the odd-numbered carbons of both 
acids, a label distribution one would expect only if they were 
built up from acetate-1-C™ units. It thus appears that non- 
acetate-derived precursors are not involved in the biosynthesis 
of the C2, acids. A further point of interest lies in the ratios 
A:B (Cog acid to carbon atom 1) and E:D (C2 acid residue to 
carbon atom 3). For uniform distribution of activity in the odd 
carbons, A:B would be 12 and E:D, 10. The actual ratios are 
somewhat lower, indicating a greater concentration of label to- 
wards the carboxyl ends of both molecules. It must be em- 
phasized, however, that this bias of label towards the carboxyl 
group is relatively slight when compared with that of long chain 
(18 or more carbons) fatty acids synthesized by the nonnervous 
tissue of mice or rats.2, Thus, Dauben et al. (11) and Zabin (13), 
after administering acetate-1-C™ to mice and to rat liver slices, 
respectively, found a much greater concentration of label in the 
carboxyl group of stearic acid than would be predicted for uni- 
form distribution of label in the odd carbons. Likewise, the 


* For direct comparison, stearic acid from the carcasses of the 
tats used in the present experiments was isolated and decarbox- 
ylated. More than 30% of the total C™ activity was in the car- 
boxyl carbon (i.e. the carboxyl carbon had 3.5 times as much 
activity as the average of the other odd carbons). On the other 
hand, degradation of stearic acid obtained from brain cerebrosides 
showed uniform distribution in the odd carbons. 
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present authors (14) found that 5,8,11-eicosatrienoic acid 
formed in fat-deficient rats from acetate-1-C™ via oleic acid had 
64% of its total activity in the carboxyl group. The labeling in 
cerebronic and lignoceric acids of the brain, therefore, stands in 
marked contrast to that found in the Cis and C2 fatty acids of 
the body. It is apparent that acetate is converted to the satu- 
rated C2, acids with little dilution along the way from fatty acids 
of intermediate chain length. 

Perhaps the most striking result obtained from the degradation 
experiments, however, is that the ratios A:B and E:D are exactly 
the same for cerebronic and lignoceric acids; that is to say, the 
label distribution in both acids is identical. This, coupled with 
the fact that lignoceric acid has a specific activity 16 times that 
of cerebronic acid provides evidence that lignoceric acid is the 
precursor of cerebronic acid. 

Table VII reveals the results of the degradation of nervonic 
(A-15-tetracosenoic) acid. One would expect that, if nervonic 
acid were formed by desaturation of lignoceric acid, the label 
distribution would be the same in both acids, just as oleic acid 
and its precursor, stearic acid, have the same label distribution 
in mice given acetate-1-C™ (10). It is obvious from the results, 
however, that the label distribution in nervonic acid is markedly 
different from that found in lignoceric. In nervonic acid, the 
ratio A:B (C24 acid to carbon atom 1) is 4.95 as compared to 9.71 
for A:B in lignoceric acid. Thus nervonic acid, unlike cere- 
bronic acid, cannot be derived directly from lignoceric acid. 
The much greater concentration of C™ activity towards the 
carboxyl group indicates that dilution of label took place before 
chain elongation to form nervonic acid was complete. This fact, 
coupled with the observation that the double bond in position 
15 of nervonic acid corresponds to the double bond in position 
9 of oleic acid makes it seem likely that nervonic acid is formed 
by the addition of 3 acetate units to oleic acid. 

Fig. 3 summarizes the biosynthetic pathways proposed for the 
Cz, acids of the brain. Acetate goes directly to lignoceric acid 
with little dilution along the way from fatty acids of intermediate 
chain length. Some of the lignoceric acid is then converted to 
cerebronic acid. Nervonic acid, on the other hand, does not 
arise directly from lignoceric acid. Rather, stearic acid is first 
converted to oleic acid with concomitant dilution of label and 
then chain lengthening takes place to give nervonic acid. Ex- 


VII 
C' activities of degradation products of nervonic acid 
Sample 
B. Bensotc (carbon atom 1): 3.80 
Tricosanoic (carbon atoms 2-24)............. 15.3 


* Disintegrations per second. 


12 Acetate 


8 Acetate 


| 


stearic acid 


lignoceric acid cerebronic acid 


—2H 


3 acetate 


oleic acid nervonic acid 


Fig. 3. Biosynthetic pathways of the C2, acids 
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periments in vitro are currently in progress to study the details 
of these transformations. 


SUMMARY 

Two-week-old rats were given intraperitoneal injections of 
acetate-1-C™ over a 4-day period and killed 33 hours after the 
last injection. The fatty acids obtained from the crude brain 
cerebrosides of these rats were then separated into four groups 
which included saturated unsubstituted, unsaturated unsub- 
stituted, saturated 2-hydroxy, and unsaturated 2-hydroxy fatty 
acids. The individual unsubstituted acids were separated by 
reversed phase chromatography, and the C2, acids, lignoceric 
and nervonic, were isolated in a state of high purity. The 2-hy- 
droxy acids were separated as the 2-acetoxy derivatives on the 
reversed phase column and the C2, acids, cerebronic and 2-hy- 
droxynervonic, were obtained in the pure state. The C2, acids 
had high specific activities; the most highly active acid, ligno- 
ceric, had a specific activity 150 times greater than the average 
specific activity of the body fatty acids. Stepwise degradation 
of the Cos acids to determine the label distribution revealed that 
lignoceric acid is completely synthesized from acetate, with little 
dilution from acids of intermediate chain length during the chain 
elongation process. Cerebronic acid, in turn, is formed directly 
from lignoceric acid. Nervonic acid, on the other hand, is not 
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derived from lignoceric acid by desaturation but rather appears 
to be formed by chain elongation of oleic acid. 


REFERENCES 
1. Kisurmorto, Y., AND Rapin, N.S., J. Lipid Research, 1, 72,79 
(1959). 
2. Rapin, N. S., anp AKaHor!I, Y., Federation Proc., 20, 269 
(1961). 


3. WaeEtscu, H., Sperry, W. M., anv Storanorr, V. A., J. Biol, 
Chem., 185, 291 (1940). 

4. Kien, E., in P. Ricuter (Editor), Metabolism of the nervous 
system, Pergamon Press, Inc., New York, 1957, p. 396. 

5. Rerp, E. E., J. R., anp Burnett, R. E., in A. 
Buatr (Editor), Organic synthesis, Collective Vol. II, John 
Wiley and Sons, Inc., New York, 1948, p. 246. 

6. Manaotp, H. K., Matins, D. C., J. Am. Oil. Chemists 
Soc., 37, 383 (1960). 

7. STEINBERG, G., Staton, W. H., Jr., Howron, D. R., anp 
Meap, J. F., J. Biol. Chem., 224, 841 (1957). 

8. KLEeNK, E., AND CLARENZ, L. C., J. Physiol. Chem., 257, 263 
(1937). 

9. CHIBNALL, A. C., Piper, S. H., AND WiILLIAMs, E. E., Biochem, 
J., 55, 707 (1953). 

10. Fuuico, A. J., AND Mgap, J. F., J. Biol. Chem., 235, 3379 (1960). 

11. DauBEN, W. G., HoerGEN, E., AND PETERSEN, J. W., J. Am. 
Chem. Soc., 75, 2347 (1953). 

12. Mean, J. F., anp Howton, D. R., J. Biol. Chem., 229, 575 
(1957). 

13. ZaBin, I., J. Biol. Chem., 189, 355 (1951). 

14. Fuuco, A. J.. ano Mean, J. F., J. Biol. Chem., 234, 1411 (1959) 


Tue Jc 
Vv 


Fre 


The 
lonic 
lactok 
mann 
preno 
et al. 
acid 1 
has 
of m 
show! 
corpo 
evidel 
meva 
oxida 

Wh 
arise 
liver 
a red 
(Reac 
and is 


Meva 


Sanit: 
methy 


The 
tide-d 
3 by Ly 
Ay 
4 reduce 
and 
| thoug 
yeast 
| acid 
in ani 
En 
| photo 
| 
| Servi 
gation 
Biolo; 
tT 
submi 
requil 
Chem 
Unive 


No. 9 


ppears 


, 72,79 
0, 269 
Biol. 
vervous 


A. HL 


hemists 
AND 
57, 263 
iochem, 


(1960). 
J. Am. 


29, 575 


(1959) 


Tue JoURNAL or BroLoaicaL CHEMISTRY 
Vol. 236, No. 9, September 1961 
Printed in U.S.A. 


Reduction of Mevaldic Acid to Mevalonic Acid by a 
Partially Purified Enzyme from Liver* 


Mitton J. ScHLESINGERt AND Minor J. Coon 


From the Department of Biological Chemistry, Medical School, The University of Michigan, Ann Arbor, Michigan 


(Received for publication, January 9, 1961) 


The discovery by Folkers and his associates (2-4) of meva- 
lonic acid as a naturally occurring growth factor for certain 
lactobacilli has led to a greatly improved understanding of the 
manner in which acetate contributes to the biosynthesis of iso- 
prenoid compounds. After the demonstration by Tavormina 
et al. (5, 6) that cholesterol is efficiently formed from mevalonic 
acid in cell-free liver homogenates, work in several laboratories 
has centered on the details of this conversion and on the nature 
of mevalonic acid biogenesis. Although mevaldic acid was 
shown to be as effective as mevalonic acid in suppressing the in- 
corporation of C'-labeled acetate into cholesterol (7), isotopic 
evidence provided by Bloch et al. (8, 9) clearly showed that 
mevalonic acid is used for squalene synthesis without prior 
oxidation to the aldehyde acid. 

While investigating the possibility that mevalonic acid might 
arise by HMG’ CoA reduction in animal tissues, we found that 
liver extracts catalyze mevaldic acid reduction in the presence of 
a reduced pyridine nucleotide. Evidence for this conversion 
(Reaction 1) was described briefly by Coon et al. in 1959 (10) 
and is the subject of the present paper. 


Mevaldate + DPNH (or TPNH) + H* — 
mevalonate + DPN*+ (or TPN*) (1) 


The occurrence of a similar reduced triphosphopyridine nucleo- 
tide-dependent enzyme in yeast was reported at the same time 
by Lynen (11). 

A procedure for the partial purification of pig liver mevaldic 
reductase and the properties of the enzyme are described below, 
and the possible function of the reductase is discussed. Al- 
though the conversion of HMG CoA to mevalonic acid in purified 
yeast enzyme preparations appears not to involve mevaldic 
acid as a free intermediate (12, 13), the details of this conversion 
in animal tissues are not yet clear. 


EXPERIMENTAL PROCEDURE 
Methods and Materials 


Enzyme Assay—Mevaldic reductase was assayed spectro- 
photometrically by measuring the rate of DPNH oxidation at 


*Supported by a grant from the United States Public Health 
Service (Grant No. A-993C). A preliminary report of this investi- 
gation was presented at the meeting of the American Society of 
Biological Chemists at Atlantic City, April, 1959 (1). 

t The experimental data in this paper are taken from a thesis 
submitted by Milton J. Schlesinger in partial fulfillment of The 
requirements for the degree of Doctor of Philosophy in Biological 
Chemistry in the Rackham School of Graduate Studies of the 
University of Michigan. Present address: Istituto Superiore di 
Sanita, Rome, Italy. 

'The following abbreviation is used: HMG, §-hydroxy-s- 
methylglutaric acid. 


340 my at approximately 25° in a Beckman model DU spectro- 
photometer. The reaction mixture contained 200 umoles of 
potassium phosphate buffer, pH 6.0, 0.6 umole of DPNH, 5 
umoles of potassium mevaldate, and the enzyme preparation 
to be tested, in a final volume of 1.5 ml in a cuvette with 0.5-cm 
light path. The substrate was omitted from a control cuvette. 
After addition of the enzyme the change in absorbancy was re- 
corded at half-minute intervals. The rate of DPNH oxidation 
was constant for at least 5 minutes and was linear with respect 
to enzyme concentration (e.g., in the range of 0 to 25 ug of pro- 
tein, specific activity 0.8). One unit of enzyme is defined as 
the amount which catalyzes the oxidation of 1.0 umole of DPNH 
per minute under the conditions specified. The specific activity 
of the enzyme is expressed as the number of units per mg of 
protein. Protein concentrations were determined spectrophoto- 
metrically by the method of Warburg and Christian (14). 

dl-Mevalonic acid was synthesized and isolated as the N ,N’- 
dibenzylethylenediammonium salt according to the directions of 
Hoffman et al. (15). The salt was treated with potassium hy- 
droxide solution and extracted with ether, and the remaining 
solution was neutralized with dilute hydrochloric acid. The 
barium salt of mevaldic acid, dimethylacetal, was prepared and 
converted to mevaldic acid by treatment with sulfuric acid ac- 
cording to Eggerer and Lynen (16), and the solution was neu- 
tralized with potassium hydroxide. Mevalonolactone and di- 
benzylethylenediammonium mevalonate and mevaldate were 
also obtained from Mann Research Laboratories, Inc. Samples 
of these salts for the initial experiments were kindly furnished by 
Dr. Karl Folkers. The pyridine nucleotides used were commer- 
cial products. Bentonite was obtained from Fisher Labora- 
tories, and DEAE-cellulose from Brown Company. 

Microbiological assays for mevalonic acid in lyophilized reac- 
tion mixtures were carried out by Mrs. Helen R. Skeggs with 
Lactobacillus acidophilus, ATCC 4693, according to published 
directions (17). dl-Mevalonic acid in lyophilized control reac- 
tion mixtures gave only approximately 80% of the response of 
the untreated compound; the values reported have been cor- 
rected accordingly. 

A 150-fold purified preparation of both B-hydroxypropionic 
and 8-hydroxyisobutyric dehydrogenases was made according 
to published directions (18). Malic dehydrogenase was pre- 
pared by Dr. W. G. Robinson according to the procedure of 
Straub (19). Crystalline aleohol dehydrogenase from liver and 
yeast was obtained from Nutritional Biochemicals Corporation. 

Preparation of Reductase—A summary of the procedure for 
purifying mevaldic reductase is given in Table I. The first three 
steps were carried out without interruption. All of the proce- 
dures were carried out at 0°. A 30-g portion of pig liver tissue, 
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TaBLe I 
Procedure for partial purification of mevaldic reductase from pig liver 
Preparation Volume | Protein | Units pred Yield 
ml mg X 102 % 

272 | 5,600 | 106 1.9 | 100 
Ammonium sulfate precipi- 

tate (0.42 to 0.72 satura- 

178 | 1,740 | 92 5.3 87 
Calcium phosphate gel su- 

pernatant fraction. ....... 226 | 1,000| 63 6.3 59 
Ammonium sulfate precipi- 

tate (0.55 to 0.70 satura- 

70 631 | 56 8.9 53 
DEAE-cellulose supernatant 

93 205 | 38 18.8 36 
Ammonium sulfate precipi- 

tate (0.60 to 0.70 satura- 

22 40} 12.2) 30.4 11 
Bentonite supernatant frac- 

13 12 7.5) 62.6 7 


either fresh or frozen, was cut into small pieces and homogenized 
with 200 ml of 0.1 m phosphate buffer, pH 7.4, containing 0.001 
M cysteine and 0.001 m Versene, in a Waring Blendor for 1 min- 
ute. An additional 100 ml of the buffer were added and the 
homogenate was stirred for 30 minutes. The preparation was 
centrifuged at 20,000 x g for 30 minutes, and the precipitate 
was discarded. 

The extract was brought to a final ammonium sulfate concen- 
tration of 0.22 g per ml (0.42 saturation) by slow addition of 
the solid salt. The mixture was stirred for 30 minutes and cen- 
trifuged at 20,000 x g for 20 minutes, and the precipitate was 
discarded. One milliliter of 5 N ammonium hydroxide was 
added to the supernatant solution, and solid ammonium sulfate 
was added to a concentration of 0.38 g per ml (0.72 saturation). 
The protein precipitate obtained upon centrifugation was sus- 
pended in 150 ml of 0.02 m phosphate buffer, pH 7.4, and dia- 
lyzed for 4 to 6 hours against 4 liters of 0.01 m phosphate buffer, 
pH 7.4, containing 0.001 m cysteine and 0.001 m Versene. 

Calcium phosphate gel (20) (15 mg per ml) was added drop- 
wise to the preparation in a protein-gel ratio of 2.0 (dry weight 
basis). The mixture was stirred for an additional 5 minutes 
and centrifuged. The precipitate was discarded and the super- 
natant solution brought to pH 8.0 by the addition of 5 nN am- 
monium hydroxide. At this stage and beyond, the enzyme 
was found to be fairly stable to storage. 

The solution from the previous step was brought to an am- 
monium sulfate concentration of 0.27 g per ml (0.52 saturation) 
by the slow addition, with stirring, of the solid salt. The pH 
was checked occasionally with a pH meter and kept between 
7.8 and 8.0 by the addition of 5 N ammonium hydroxide. The 
precipitate obtained upon centrifugation was discarded, and the 
supernatant solution was brought to an ammonium sulfate con- 
centration of 0.37 g per ml (0.70 saturation) at pH 7.8 to 8.0 
and stirred for 30 minutes. The preparation was centrifuged 
and the supernatant solution discarded. The precipitate was 
dissolved in 0.02 m Tris buffer, pH 8.0, which gave a clear, 
faintly yellow solution; this was dialyzed overnight against 3 
liters of 0.02 m Tris buffer, pH 8.0, containing 0.001 m Versene 
and 0.001 m cysteine. 


Liver Mevaldic Reductase 
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In 500-mg portions, DEAE-cellulose powder was washed 
twice with 0.5 N potassium hydroxide and eight times with 
0.005 m Tris buffer, pH 8.0. The pH value of the final washings 
was 8.0. After each of these washings the gel was centrifuged 
and the supernatant solution decanted. Each portion of washed 
DEAE-cellulose was suspended in 5 ml of the Tris buffer and 
added dropwise to a 15-ml aliquot of the protein solution. The 
mixture was stirred for 10 minutes and centrifuged. The super- 
natant solutions, colorless and faintly turbid, were combined. 

Solid ammonium sulfate was added to a concentration of 0.32 
g per ml (0.60 saturation), the preparation was centrifuged, and 
the precipitate was discarded. The supernatant solution was 
brought to 0.70 saturation with ammonium sulfate and centri- 
fuged, and the supernatant solution was removed by decanting. 
The residue was dissolved in 0.01 m Tris buffer, pH 8.0. 

The solution from the previous step was divided into 5-ml 
aliquots, 100 mg of bentonite were added to each, and the mir- 
ture was stirred for 10 minutes to give a homogeneous suspen- 
sion. The preparation was then centrifuged and the precipi- 
tate discarded. The supernatant solution, colorless but faintly 
turbid, contained the reductase. This preparation can be stored 
in the frozen state at pH 8 at —18° for 3 months without ap- 
preciable loss of activity. The procedure given above results in 
30- to 50-fold purification of the enzyme from the crude extract. 
The enzyme is stable in the absence of added thiols, but is in- 
hibited by sulfhydryl-binding agents. For example, incubation 
of the reductase (specific activity, 0.24; 0.1 mg of protein per 
ml) for 10 minutes at 25° with 1.3 x 10-* m p-chloromercur- 
benzoate resulted in 63% inhibition of activity. 

Identification of Mevalonic Acid as Reduction Product—The 
mevalonic acid formed from mevaldic acid in the presence of 
DPNH and the reductase was identified by paper chromatog- 
raphy and by microbiological assay. The results obtained in 
the microbiological assay with L. acidophilus are shown in Table 
II. Since dl-mevaldic acid is only Moo as effective as dl- 
mevalonic acid in the microbiological assay (21), it does not inter- 
fere in these experiments. Thus, in a control experiment in 
which boiled enzyme was substituted for the usual enzyme and 
the mixture incubated for 45 minutes, only 0.08 umole of ‘“‘meva- 
lonic acid” was detected. 

Aliquots of the reaction mixtures were placed on paper and 
submitted to chromatography in (a) butanol-diethylamine- 
water (100:1:15); (6) propanol-concentrated ammonium by- 
droxide-water (6:1:3); and (c) 9 parts of the upper layer of 
butanol-water-formic acid (5:4:1) plus 1 part of butanol. 
Papers from the basic solvent mixtures (a and b) were sprayed 
with 0.5 n hydrochloric acid in 50% ethanol to generate meva- 
lonolactone, and then all papers were sprayed with alkaline hy- 
droxylamine and alcoholic ferric chloride to give red-brown spots 
of mevalonohydroxamic acid. A single hydroxamate spot was 
detected on chromatograms from each of the three solvent 
systems (Rp values 0.32, 0.44, and 0.70, respectively), corre- 
sponding in Ry value to the spots from authentic samples of 
mevalonic acid. Mevaldic acid gave no detectable spot 
chromatography in Solvents a and b, and gave only a delayed 
color reaction on chromatography in Solvent c. As anticipated, 
no mevalonic acid was detected on chromatograms in any o 
these solvents when boiled enzyme was used in the incubation 
mixtures. 

Determination of the stoichiometry of the reaction provided 
additional support for Reaction 1, as shown in Table II. Since 


Septe 


In] 
assay 
protei 
meval 
lyophi 
and re 
emplo 
ments 


Experir 


similay 


forme 


tivity 
appeal 
tase i 
Porter 
more | 
liver p 
Puri 
with g 
reduct 
propio 
nate. 
meval 
pig ki 
drogen 
meval 
Atte 
experi 
TPN, 
reduct 
agents 
or the 
ous pl 
ples of 
a samy 
Phy: 
shown 
46 to 
rather 
of a pr 
for D] 
and Br 
spectiv 
appear 


on a si 
Sub. 
effecti 
prepar 
in pu 
TPNE 
be sati 
a ration: 


No. 9 


ashed 
with 
shings 
fuged 
ashed 
and 
The 
super- 
ed. 
of 0.32 
d, and 
was 
centri- 
nting. 


> 5-ml 
mix- 
uspen- 
recipi- 
faintly 
stored 
ut ap- 
sults in 
xtract. 
t is in- 
ibation 
ein per 
1ercuri- 


t—The 
ence of 
matog- 
ined in 
1 Table 
as dl- 
inter- 
nent in 
me and 
“‘meva- 


per and 
‘lamine- 
um hy- 
layer of 
butanol. 
sprayed 
e meva- 
line hy- 
wn spots 
pot was 

solvent 
), corre- 
mples of 
spot on 
delayed 
icipated, 
1 any oi 
cubation 


provided 
[. Since 


September 1961 


II 
Stoichiometry of reaction 

In Experiment 1 the reaction mixture was that in the standard 
assay system, with reductase of specific activity 0.48 (0.07 mg of 
protein). DPNH was estimated spectrophotometrically and 
mevalonic acid by microbiological assay of deproteinized and 
lyophilized samples. In Experiments 2 and 3, 7 umoles of DPNH 
and reductase of specific activity 0.72 (0.4 mg of protein) were 
employed; 7.5 and 5.0 umoles of mevaldic acid were used in Experi- 
ments 2 and 3, respectively. 


Experiment No. DPNH lost 
min pmoles 
1 + 0.11 0.11 
9 0.20 0.18 
2 15 3.4 2.9 
3 15 2.4 2.2 


similar amounts of DPNH are lost and (+)-mevalonic acid is 
formed, the reductase appears to act chiefly, if not exclusively, 
on a single isomer of mevaldic acid. 

Substrate Specificitty—Although DPNH and TPNH are equally 
effective in bringing about mevaldic acid reduction in crude 
preparations of the reductase, DPNH is 2 to 3 times as effective 
in purified preparations. In these experiments DPNH and 
TPNH were employed at 4 X 10-‘ M, a concentration known to 
be saturating for DPNH (see below). In the most active prepa- 
rations of the enzyme thus far obtained, this same relative ac- 
tivity of the reduced nucleotides has been noted. Thus, it 
appears from evidence so far available that the pig liver reduc- 
tase is not highly pyridine nucleotide-specific. Knauss and 
Porter (22) have recently reported, however, that TPNH is 
more effective than DPNH for mevaldic acid reduction in rat 
liver preparations. 

Purified mevaldic reductase was found to have no activity 
with glyoxylate and DPNH at pH 6.0, nor did it catalyze DPN 
reduction in Tris buffer, pH 9.0, in the presence of 8-hydroxy- 
propionate, B-hydroxyisobutyrate, y-hydroxybutyrate, or gluco- 
nate. Highly purified pig heart malic dehydrogenase has no 
mevaldic reductase activity in the usual assay system, nor do 
pig kidney 6-hydroxypropionic and 8-hydroxyisobutyric dehy- 
drogenases tested with both DPNH and TPNH. The purified 
mevaldic reductase preparation contains alcohol dehydrogenase. 

Attempts to Demonstrate Reversibility—Spectrophotometric 
experiments over a wide pH range in the presence of DPN, 
TPN, or both, have given no indication of pyridine nucleotide 
reduction by mevalonate. The addition of aldehyde-trapping 
agents such as hydroxylamine, dimedone, or p-aminobenzoate, 
or the use of buffer solutions other than phosphate, all at vari- 
ous pH values, have been without effect. Furthermore, sam- 
ples of mevalonic acid obtained from various sources, as well as 
a sample of mevalonolactone, were uniformly inactive. 

Physical Constants—The effect of pH on enzyme activity is 
shown in Fig. 1. The reductase is active over the pH range 
4.6 to 6.9, with maximal activity at approximately 5.4. This 
rather low pH optimum may be due in part to the participation 
of a proton in mevaldic reduction (Reaction 1). The K, values 
for DPNH and TPNH, determined according to Lineweaver 
and Burk (24), were found to be 3 X 10-* and 9 X 10-5 M, re- 
spectively (with dl-mevaldate at 7 10-3 m). dl-Mevaldate 
appears to be somewhat inhibitory at a concentration of 10° Mm 
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Fic. 1. Reductase activity as a function of pH. Reductase of 
specific activity 0.24 (0.12 mg of protein) was employed in the 
usual assay system with 150 umoles of citrate-phosphate buffer 
(23) at the pH values indicated. 


or above; at lower concentrations a typical substrate dependency 
curve was obtained, however, and the apparent K,, calculated 
for (+)-mevaldic acid was found to be 4 X 10° m (with DPNH 
at 4 ). 

Distribution of Mevaldic Reductase—Various tissues were ho- 
mogenized in phosphate buffer in a Waring Blendor in the 
manner described for pig liver, and after centrifugation the ex- 
tracts were dialyzed for 6 to 10 hours against 0.05 m phosphate 
buffer, pH 7.4, containing 0.001 m cysteine and Versene. The 
following relative specific activities were determined: pig, rat, 
and chicken liver, 100, 25, and 25, respectively; pig kidney, 
heart, and brain, 25, 20, and 0; carrot, 0. Acetone powder ex- 
tracts of several of the animal tissues were also shown to con- 
tain the reductase. When pig liver was homogenized and the 
cellular components fractionated according to Bucher and 
McGarrahan (25), mevaldic reductase was found to be in the 
soluble fraction, but could not be demonstrated in the micro- 
somal fraction. The presence of the reductase could not be 
shown in extracts of Tetrahymena pyriformis, Eremothecium 
ashbyit, or Escherichia coli prepared by grinding the cells with 
alumina and extracting with phosphate buffer. 


DISCUSSION 


The evidence presented indicates that mevaldic reductase acts 
on only one enantiomorph of dl-mevaldic acid. This conclusion 
is based on the observation that equivalent amounts of DPNH 
are oxidized and microbiologically active mevalonate is formed, 
as would be expected in the reduction of an aldehyde group, 
and on the earlier report of Wolf et al. (4) that only one isomer 
of mevalonic acid is active in the L. acidophilus assay. Since 
this isomer is the one utilized by intact rats (26) and has been 
shown to be dextrorotatory (as the dibenzylethylenediamine 
salt) in aqueous solution (27), the product of mevaldate reduc- 
tion may be designated as biologically active (+)-mevalonic 
acid. 

Since the reduction of HMG CoA to mevalonic acid (12, 13) 
and of mevaldic acid to mevalonic acid are not readily reversible 
processes, one would not expect mevalonic acid metabolism to 
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yield appreciable amounts of such products as acetoacetate and 
acetyl-CoA, known to be formed by the enzymatic cleavage of 
HMG CoA (28). Studies on the conversion of mevalonate-2-C™ 
to acetoacetate in liver slices (10), to fatty acids in liver homoge- 
nates (29) or slices (30), and to an acetylated amine in a yeast 
enzyme preparation (13) are in accord with this view, for all of 
these conversions were so slight as to be of little physiological 
significance. 

The occurrence of mevaldic reductase in liver accounts for the 
observation that mevaldic acid yields mevalonic acid in a rat 
liver homogenate treated with ribonuclease to block further 
reactions (31), and also explains the ability of mevaldic acid to 
replace mevalonic acid as a cholesterol precursor in liver homoge- 
nates (7, 21). Although the evidence presently available appar- 
ently excludes free mevaldate as an intermediate in the reduction 
of HMG CoA to mevalonate in a purified enzyme system from 
yeast (12, 13), the mechanism of HMG CoA reduction in animal 
tissues has not yet been established. Knauss, Porter, and 
Wasson (23) recently described the conversion of acetate-1-C™ 
to mevalonic acid in a system containing liver microsomes, a 
soluble enzyme fraction, and the necessary cofactors; Bucher 
et al. (32) briefly reported the reduction of HMG CoA to meva- 
lonate in a liver microsomal preparation. The presence of 
mevaldic reductase was apparently not determined in these 
studies. Although our finding that liver mevaldic reductase is 
in the soluble rather than microsomal fraction suggests that this 
enzyme may not be directly involved in HMG CoA reduction, 
further work is required to clarify this interesting problem in 
animal tissues. 


SUMMARY 
Mevaldic reductase, which catalyzes the following reaction, 


Mevaldate + DPNH (or TPNH) + Ht > 
mevalonate + DPN* (or TPN*) 


has been partially purified from pig liver extracts and also found 
to be present in heart and kidney extracts. 

The reaction is not reversible, as judged by the inability of 
mevalonate to reduce diphosphopyridine nucleotide or triphos- 
phopyridine nucleotide in the presence of the enzyme at various 
pH values and in the presence or absence of aldehyde-binding 
agents. 

The occurrence of this enzyme in liver accounts for the ability 
of mevaldic acid to substitute efficiently for mevalonic acid as a 
cholesterol precursor in liver homogenates, as reported by 
others. 


Acknowledgments—The authors are indebted to Mrs. Helen 
R. Skeggs of the Merck Institute for Therapeutic Research for 
carrying out microbiological assays for mevalonic acid. Mr. 
Paul A. Hargrave and Mr. Kenneth Hoober participated in 
some of the experiments with the purified reductase. 

Addendum—The naturally occurring, levorotatory enantiomer 
of mevalonolactone has recently been shown by Eberle and 
Arigoni (33) to possess the (R)-configuration by a direct. cor- 
relation of its antipode with quinic acid. Accordingly, the prod- 
uct formed by the action of the liver reductase on mevaldate 
may now be designated as biologically active (R)-mevalonate. 


REFERENCES 


1. ScuLEesinGER, M. J., Federation Proc., 19, 317 (1959). 

2. Woxr, D. E., Horrman, C. H., Aupricu, P. E., Skeaes, H. 
R., Wrieut, L. D., anp Foixers, K., J. Am. Chem. Soc., 78, 
4499 (1956). 


Liver Mevaldic Reductase 


3. 


10. 


12. 


13. 


14. 


15. 


16. 


18. 


19. 
20. 


21. 


32. 


33. 


Wricut, L. D., Cresson, E. L., Skeces, H. R., MacRaz, 
G. D. E., Horrman, C. H., Wotr, D. E., anp FoLKers, K., 
J. Am. Chem. Soc., 78, 5273 (1956). 


. Wotr, D. E., Horrman, C. H., Aupricn, P. E., Skeaes, H. 


R., Wricut, L. D., anp Fotxers, K., J. Am. Chem. Soc., 
79, 1486 (1957). 


. Tavormina, P. A., Gisss, M. H., anp Hurr, J. W., J. Am. 


Chem. Soc., 78, 4498 (1956). 


. Tavormina, P. A., anD Gisss, M. H., J. Am. Chem. Soc., 78, 


6210 (1956). 


. SHunkK, C. H., Linn, B. O., Hurr, J. W., GILFILLAN, J. L,, 


Sxeaes, H. R., ano Fouxkers, K., J. Am. Chem. Soc., 79, 
3294 (1957). 


. Amour, B. H., Rituine, H., anp Biocu, K., J. Am. Chem. 


Soc., 79, 2646 (1957). 


. H., Tcuen, T. T., anp Buocu, K., Proc. Natl. Acad, 


Sci. U. S., 44, 167 (1958). 

Coon, M. J., Kupreckt, F. P., Dexxer, E. E., SCHLESINGER, 
M. J., AND DEL CaMPILLO, A., in G. E. W. WoLsTENHOLME 
AND M. O’Connor (Editors), Ciba foundation symposium on 
the biosynthesis of terpenes and sterols, Little, Brown & 
Company, Boston, 1959, p. 62. 

Lynen, F., in G. E. W. WoLsTteENHOLME AND M. O’Connor 
(Editors), Ciba foundation symposium on the biosynthesis of 
terpenes and sterols, Little, Brown & Company, Boston, 
1959, p. 95. 

Fereuson, J. J., Jk., Durr, I. F., anp Rupnegy, H., Proc. 
Natl. Acad. Sci. U. S., 45, 499 (1959). 

Knapps, J., RINGELMANN, E., AND LyNEN, F., Biochem. Z.,, 
332, 195 (1959). 

Warsure, O., AND CurisT1An, W., Biochem. Z., 310, 384 
(1941-1942). 

Horrman, C. H., Waaner, A. F., Wiuson, A. N., Watton, 
E., SHunx, C.H., Wotr, D. E., Hotty, F. W., 
K., J. Am. Chem. Soc., 79, 2316 (1957). 

Eacerer, H., AND LYNEN, F., Ann., 608, 71 (1957). 

Sxeces, H. R., Wricut, L. D., Cresson, E. L., MacRag, 
G. D. E., Horrman, C. H., Wour, D. E., anp Foukers, K., 
J. Bacteriol., 72, 519 (1956). 

Den, H., Roprnson, W. G., anv Coon, M. J., J. Biol. Chem., 
234, 1666 (1959). 

Srravs, F.B., Z. physiol. Chem. Hoppe-Seyler’s, 275, 63 (1942). 

Kern, D., anp Hartres, E. F., Proc. Roy. Soc. London B, 
124, 397 (1937-1938). 

Fo.xkers, K., SHunx, C. H., Linn, B. O., Rosinson, F. M., 
Wirrreicnu, P. E., Hurr, J. W., Giirimuan, J. L., ann 
Sxeaas, H. R., in G. E. W. WoLsTENHOLME AND M. O’Cox- 
Nor (Editors), Ciba foundation symposium on the biosyn- 
thesis of terpenes and sterols, Little, Brown & Company, 
Boston, 1959, p. 20. 


. Knauss, H. J., anp Porter, J. W., Abstracts of papers of 


the 137th meeting of the American Chemical Society, American 
Chemical Society, Cleveland, 1960. 


. Knauss, H. J., Porter, J. W., anv Wasson, G., J. Biol. 


Chem., 234, 2835 (1959). 


. LINEWEAVER, H., AND Burk, D., J. Am. Chem. Soc., 56, 658 


(1934). 


. Bucuer, N. L. R., anp McGarranan, K., J. Biol. Chem., 223, 


1 (1956). 


5. Cornrortu, R. H., Fuercuer, K., H., anv PopisAs, 


G., Nature London, 185, 923 (1960). 


. Lynen, F., anp Grasst, M., Z. physiol. Chem. Hoppe-Seyler’s, 


313, 291 (1958). 


. Bacuuawat, B. K., Ropinson, W. G., anv Coon, M. J., J. 


Biol. Chem., 216, 727 (1955). 


. Popshx, G., in J. M. Luck (Editor), Annual review of biochem- 


istry, Vol. 27, Annual Reviews, Inc., Palo Alto, California, 
1958, p. 545. 


. Etwoop, J. C., Marcé, A., AND VAN Bruacen, J. T., J. 


Chem., 235, 573 (1960). 


. Wrigut, L. D., CLeLanp, M., Dutra, B. N., NorT0s, 


J.S., J. Am. Chem. Soc., 79, 6572 (1957). 

Bucuer, N. L. R., Overratu, P., anp Lynen, F., Federation 
Proc., 18, 20 (1959). 

Eserwe, M., ANp Ariconi, D., Helv. Chim. Acta, 48, 158 
(1960). 


Vol. 236, No. 9 


The 
3-one 
ovaria 
prepar 
was its 
to a | 
the re 
hydro: 
ficity 
hydrog 
of hyd 
diphos 
coenzy 
the ap 
gesterc 
other s 
should 
reports 
ovary 
that tk 
pyridir 


Mat 
terizati 
previot 
ina the 
with 3 
oxidati 
format 
calcula 
which 
30-min 
absorp 
produc 
to proy 
reactiv 

Tran 
diestru: 
analyze 


* Thi 
Nation: 
grant } 
Institu 
thesda, 

t Pre 
Strasse 


vi 

= 
= 
= 
= 
= 
= 
= 
23 

27 
29 
30 

= 
= 


RS, K., 


Chem., 


(1942). 
don B, 
F. M., 
Jey AND 
O’Con- 
biosyn- 
mpany, 


ypers of 
merical 


J. Biol. 
56, 658 
222, 
PopsAg, 
Seyler’s, 
A. J., J. 


biochem- 
lifornia, 


, J. 
NortT0., 


ederation 


43, 158 


Tue JOURNAL oF BroLoGicaL CHEMISTRY 
Vol. 236, No. 9, September 1961 
Printed in U.S.A 


Purification and Properties of Rat Ovarian 


20 a-Hydroxysteroid Dehydrogenase* 


Water G. Wiest} R. Bruce Witcox 


From the Department of Biochemistry, University of Utah, College of Medicine, Salt Lake City, Utah 


(Received for publication, January 24, 1961) 


The interconversion of progesterone and 4-pregnen-20a-ol- 
3-one is catalyzed by an enzyme preparation obtained from rat 
ovarian tissue (1, 2). Included among the properties of a crude 
preparation of the requisite 20a-hydroxysteroid dehydrogenase 
was its utilization of reduced triphosphopyridine nucleotide and, 
to a lesser extent, reduced diphosphopyridine nucleotide for 
the reduction of progesterone. It has been proposed (3) that 
hydroxysteroid dehydrogenase possessing dual nucleotide speci- 
ficity may function metabolically as pyridine nucleotide trans- 
hydrogenase, and as a consequence, regulate reversible transfer 
of hydrogen between reduced triphosphopyridine nucleotide and 
diphosphopyridine nucleotide, the steroid functioning as a 
coenzymic hydrogen carrier. A necessary requirement for 
the application of this hypothesis to the hormone action of pro- 
gesterone is that the 20a-hydroxysteroid dehydrogenase, or some 
other similar enzyme required for the metabolism of the hormone, 
should also exhibit transhydrogenase activity. This paper 
reports the absence of such activity from preparations of rat 
ovary 20a-hydroxysteroid dehydrogenase and demonstrates 
that this lack of transhydrogenase activity stems from the single 
pyridine nucleotide requirement of the enzyme. 


EXPERIMENTAL PROCEDURE 


Materials and methods used for the measurement and charac- 
terization of the steroid components were the same as those 
previously reported (1). Enzyme incubations were performed 
ina thermoregulated Cary model 11 recording spectrophotometer, 
with 3-ml quartz cuvettes of l-cm light path. The rates of 
oxidation or reduction of steroids were measured as TPNH 
formation or disappearance. Initial reaction velocities were 
calculated from changes in the 340 my optical density recordings 
which were observed to be linear during the first 10 minutes of a 
30-minute incubation period. The total change in 340 mu 
absorption was routinely compared with the quantity of steroid 
product isolated by chromatography at the end of the incubation 
to provide a check on the spectrophotometric measurements of 
reactivity. 

Transhydrogenase Activity—Crude enzyme obtained from 
diestrus rat ovaries, prepared as previously described (1), was 
analyzed directly for transhydrogenase activity with an adapta- 


*This work was supported in part by grant No. A-756 from the 
National Institute for Arthritis and Metabolic Diseases and by 
grant No. C-307 from the National Cancer Institute, National 
Institutes of Health, United States Public Health Service, Be- 
thesda, Maryland. 

Present address, Universitits-Frauenklinik, Robert-Koch- 
Strasse 10, KéIn-Lindenthal, Germany. 


tion of the method of Talalay and Williams-Ashman (4), in which 
the reduction of substrate amounts of DPN (1 umole) by catalytic 
amounts of TPNH (0.04 umole) is measured. The necessary re- 
generation of TPNH was permitted in this system through the 
action of endogenous glucose-6-P dehydrogenase and the addi- 
tion of glucose-6-P. However, no evidence of transhydrogenase 
activity was observed either in the presence or absence of added 
progesterone (0.03 umole). 

Purification of Steroid Dehydrogenase—Fractional precipita- 
tion by ammonium sulfate was successfully used for the partial 
purification of the steroid dehydrogenase and its separation from 
endogenous glucose-6-P dehydrogenase activity. In this pro- 
cedure, ovaries removed during proestrus were homogenized in 
Tris-HCl buffer, 0.1 mM, containing 0.001 m EDTA, 0.001 m 
cysteine, 0.01 m nicotinamide, and 4.2 X 10-5 m progesterone, 
pH 8.0. The supernatant fraction obtained by centrifugation 
at 25,000 x g for 30 minutes was dialyzed against an amount of 
the same buffer mixture saturated with ammonium sulfate, pH 
8.0, so that a 2.0 m concentration of ammonium sulfate was 
attained at equilibrium. The protein precipitate, which was 
discarded, contained all of the glucose-6-P dehydrogenase ac- 
tivity. The supernatant solution was again dialyzed against 
saturated ammonium sulfate-buffer mixture giving a final con- 
centration, at equilibrium, of 3.0 m. The precipitated protein, 
containing the steroid dehydrogenase, was dissolved in Tris-HCl 
buffer, pH 8.0, and dialyzed against buffer to remove ammonium 
sulfate. A summary of the purification procedure is given in 
Table I. 

Properties—The enzyme preparation in buffer solution was 
completely inactivated by storage at —15°; however, this sen- 
sitivity could be circumvented by the addition of glycerol, and 
the enzyme preparations so protected could be stored for weeks 
without detectable loss of activity. Buffer solutions were stable 
to storage at 4° at least for several days. Thermal activation of 
enzyme preparations was observed at temperatures up to 50° at 
which point loss of activity occurred. Enzyme activity was 
destroyed during a 10-minute incubation at 42° of the reaction 
mixture with TPN omitted. 

Table II summarizes other properties of the preparation, 
including the lack of requirement for additional Zn++ or Mg**, 
the absence of glucose-6-P dehydrogenase activity, and the ab- 
sence of contaminating glucose-6-P or TPN. The preparation 
was devoid of significant nucleotidase activity toward TPNH and 
DPNH (Table III). Table III also gives a comparison of the 
stability of reduced nucleotides when incubated at pH 6.0 and 
8.1 under conditions of the enzyme assay. Stoichiometry be- 
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TaBLe [ 
Summary of enzyme purification 


Activity is expressed as a function of the initial reaction ve- 
locity, i.e., micromoles of product formed per minute. 


Fraction Volume | 
ml umoles/min | ed 
Whole homogenate............ 18.0 0.93 0.152 
Supernatant from 25,000 X g 
centrifugation for 30 minutes; 15.6 0.99 0.399 
Supernatant, 2.0 m (NH4)2SO,. 5.3* 0.49 0.492 
Precipitate, 3.0 m (NH4)2SOx,.. 2.0 0.38 1.130 


* Loss due to spillage. 


TaBLeE II 


Influence of various substances on the enzymic hydrogenation 
of progesterone 

Contents of complete system: 9.7 ug of nitrogen equivalent of 
purified enzyme, 1.2 umoles of TPN, 12 umoles of glucose-6-P, 
0.1 mg of glucose-6-P dehydrogenase (Sigma), 0.04 umole of ZnClz, 
10 pmoles of MgCl, 0.320 umole of progesterone-4-C' (25,000 
¢.p.m.), 0.1 ml of ethanol, 0.29 mmole of phosphate buffer, 29.0 
umoles of nicotinamide, 2.9 umoles of cysteine, 2.9 umoles of 
EDTA, pH 8.0. Total volume was 3.0 ml; temperature was 37°; 
incubation was for 30 minutes. 


Ousinsions 


| 

| forme 

| umole 
Glucose-6-P dehydrogenase............... 0.000 


TABLE IIT 
Effect of 20a-hydroxysteroid dehydrogenase preparation on stability 
of pyridine nucleotides 
The flasks held TPNH, 0.167 umole, DPNH, 0.162 umole, en- 
zyme, 10 ug of nitrogen equivalent of purified material. Addi- 
tional flask contents: 0.30 mmole of buffer, 30.0 umoles of nico- 
tinamide, 3.0 uwmoles of cysteine, 3.0 umoles of EDTA; total 
volume was 3.0ml. Temperature, 37°. 


Flask contents pH aay 
mpmoles/min 
TPNH plus enzyme........... 8.1f 0.3 
DPNH plus enzyme........... 6.07 0.7 
DPNH plus enzyme........... 8.1f 0.3 


* Determined by measuring decrease in optical density at 340 
mu. 

+ Phosphate buffer, 0.1 m. 

t Tris buffer, 0.1 m. 
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TaBLe IV 
Pyridine nucleotide requirement for enzyme activity 
Flask contents: 0.318 wmole of substrate (25,000 c.p.m.), 10 pg 
of nitrogen equivalent of purified enzyme, nucleotide as indicated, 
0.1 ml of ethanol, 0.29 mmole of phosphate buffer, 29.0 umoles of 
nicotinamide, 2.9 uwmoles of cysteine, 2.9 umoles of EDTA in a 
total volume of 3.0ml. Temperature, 37°; 30-minute incubation. 


Changes 
Nucleotide | pH Steroid substrate 
| | cleotide 
umole 
TPN, 0.025 umole....... 8.1 | 4-Pregnen-20a- | 0.024 | 0.028 
 ol-3-one 
TPNH, 0.016 umole..... 6.0 | Progesterone 0.016 | 0.018 
DPN, 0.10 to 0.15 umole.| 7.4 | 4-Pregnen-20a- | 0.000 | 0.000 
| |  ol-3-one 
DPN, 0.10 to 0.15 umole} 8.1 | 4-Pregnen-20a- | 0.000 | 0.000 
| ol-3-one 
DPNH, 0.029 to 0.16 | 
6.0 | Progesterone 0.000 | 0.000 
DPNH, 0.10 umole...... 7.4 | Progesterone 0.000 | 0.000 


tween reacting nucleotide, when corrected for losses due to acid 
lability, and chemically altered steroid was satisfactory (Table 
IV), that is, 1 mole of nucleotide was utilized per mole of sub- 
strate metabolized. Failure of the enzyme preparation to 
utilize DPN in either the oxidized or reduced form was also 
demonstrated (Table IV). 

Affinity for Substrate and Cofactor—Initial reaction velocities, 
z.e. micromoles of product formed per minute, for the enzymatic 
oxidation of 4-pregnen-20a-ol-3-one were determined as a func- 
tion both of steroid concentration and TPN concentration 
(Fig. 1). Michaelis constants were determined from plots 
according to Lineweaver and Burk (5). The K,, for 4-pregnen- 
20a-ol-3-one was evaluated at 2.3 x 10-5 M, and that for TPN 
at 4.9 xX 10-® m, indicating a higher enzyme affinity for the 
pyridine nucleotide than for the steroid. 

Equilibrium Constant—Determination of the equilibrium 
constant was made at three different hydrogen ion concentra- 
tions. Both progesterone and 4-pregnen-20a-ol-3-one were 
used separately as substrates. Measurements were made under 
conditions designed to eliminate errors arising from the lability 
of TPN and TPNH, 7.e. equal concentrations of TPN and TPNH 
were used together in each measurement and in amounts 30-fold 
in excess of the steroid substrate, so that changes in TPN: 
TPNH = 1 would be insignificant with respect to changes of 
the ratio of oxidized and reduced steroid. Therefore, the 
equilibrium constant was a function only of the concentrations 
of the participating steroids and the hydrogen ion concentration. 
However, to avoid possible errors arising from the dissimilar 
effects of pH upon the labilities of the two pyridine nucleotides, 
estimation of the final concentrations of both TPN and TPNH 
was made. [TPNH] was measured directly during the reaction, 
whereas [TPN] was determined in a control flask without steroid 
at the terminus of the incubation with glucose-6-P dehydrogenase 
and excess glucose-6-P. Results of these studies (Table V) 
indicate that, under conditions of equal concentrations of TPNH 
and TPN and at pH 7, the equilibrium concentration ratio of 
4-pregnen-20a-ol-3-one to progesterone is 1.7:1. 

Substrate Specificity—Studies begun previously (1) were ex- 
tended with a larger number of steroids (Table VI). Inactivity 
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Fic. 1. Top, effect of 4-pregnen-20e-ol-3-one concentration on 
reaction rate. Reactions were carried out in the presence of 1.15 
smoles of TPN and with the amount of enzyme, buffer constitu- 
ents, and conditions as indicated in Table III. Bottom, reactions 
carried out in the presence of 0.136 umole of 4-pregnen-20e-ol-3- 
one and with the amount of enzyme, buffer constituents, and con- 
ditions as indicated in Table ITI. 


TABLE V 
Equilibrium constant determination 
Reaction vessels contained: 0.032 umole (30,000 c.p.m.) of ap- 
propriate steroid in 0.1 ml of ethanol, 1.0 umole each of TPNH 
and TPN, 48.5 ug of nitrogen equivalent of purified enzyme prep- 


aration, buffer for each pH designated,* in a total volume of 3.0 
ml. Temperature was 27°. 


Initial substrate pH* Ket X 1077 
4-Pregnen-20a-ol-3-one............ 5.10 1.79 
6.23 1.33 
4-Pregnen-20a-ol-3-one............ 6.23 1.50 
4-Pregnen-20a-ol-3-one............ 7.81 1.88 
Average + standard deviationf... 1.70 + 0.26 


* pH 5.10 buffer, 0.1 m citric acid, NaOH; pH 6.23 buffer, 0.1 
Mcitric acid, NaOH; pH 7.81 buffer, 0.1 m Tris-HCl. 
[4-Pregnen-20e-ol-3-one] [TPN]. 
[Progesterone] [TPNH] 


Standard deviation = 
(n — 1) 


W. G. Wiest and R. B. Wilcox 


TaBLE VI 
Enzyme-substrate specificity 

Flask contents: 0.32 umole of steroid substrate; 1.33 ug of pro- 
tein nitrogen equivalent of purified enzyme; TPN, 1.0 umole, or 
TPNH, 0.32 umole; 0.1 ml of ethanol; 0.29 mmole of phosphate 
(pH 6.0) or Tris-HCl (pH 8.1) buffer; 29.0 umoles of nicotinamide; 
2.9 umoles of cysteine; 2.9 umoles of EDTA; total volume 3.0 ml. 
Temperature 37°; 30-minute incubation. 


Cofactor 
Substrate Cofactor pH oxidized or 
reduced 
umole 

TPNH 6.0 0.105 

4-Pregnen-20a-ol-3-one......... TPN 8.1 0.145 

58-Pregnane-3 ,20-dione......... TPNH 6.0 0.135 

58-Pregnane-20a-ol-3-one....... TPN 8.1 0.236 

58-Pregnane-3a-ol-20-one....... TPNH 6.0 0.034 

58-Pregnane-3a,20e-diol........ TPN 8.1 0.029 

58-Pregnane-36-ol-20-one. ...... TPNH 6.0 0.072 

TPNH 6.0 0.029 

A16-58-Pregnene-3a ,20e-diol..... TPN 8.1 0.014 
A!.3,5 (10)_19-nor-Pregnatriene-3- 

4-Pregnen-208-ol-3-one.......... TPN 8.1 0.000 
A‘-Pregnene-20e ,21-diol-3-one...| TPN 8.1 0.000 
A‘-Pregnene-118 , 17a ,20a ,21- 


toward 21-hydroxysteroid, previously reported (1), was again 
observed. In addition, a lower activity toward substrates with 
polar substituents in ring A, e.g. double bonds and hydroxyl 
groups, was seen. Thus, 58-pregnane-20a-ol-3-one proved to 
be a better substrate than 4-pregnen-20a-ol-3-one; 58-pregnane- 
3a-ol-20-one and 56-pregnane-36-ol-20-one were reduced, re- 
spectively, only 25% and 50% as effectively as 58-pregnane-3 , 20- 
dione. No activity was observed on the phenolic steroid, 
A!®-Pregnene-3a ,20a- 
diol was oxidized only 6% as effectively as 58-pregnane-20a-ol-3- 
one. The enzyme was found to be totally inactive toward the 
epimeric 4-pregnen-206-ol-3-one, and addition of equal amounts 
of this steroid reduced significantly the rate of oxidation of 
4-pregnen-20a-ol-3-one. 
DISCUSSION 


Recent reports by Hagerman and Villee (6) and by Endahl 
et al. (7) have shown that apparent dual nucleotide specificity 
observed in crude preparations of hydroxysteroid dehydrogen- 
ases has been reduced to a single nucleotide specificity on purifi- 
cation of the enzyme fractions. In each of the two cases cited, 
two enzymes have been isolated both catalyzing the same 
chemical transformation of steroid substrate but each requiring 
a different pyridine nucleotide as hydrogen acceptor. In the 
present study, the elimination of apparent dual activity by 
purification of the dehydrogenase has satisfactorily explained 
the failure to observe hydrogen transfer in crude preparations. 
The suggestion that the dual activity of the crude preparation 
might have been due to the presence of both a DPN- and the 
TPN-specific 20a-hydroxysteroid dehydrogenase remains open 
for further study; however, such a combination of DPN- and 
TPN-specific 178-hydroxysteroid dehydrogenase did not consti- 
tute a transhydrogenase system under conditions similar to the 
ones used by us (8). 
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4-Pregnen-20a-ol-3-one has been obtained from progesterone 
during incubations in vitro with a wide variety of tissues includ- 
ing, in addition to rat ovary, human uterine fibroblasts (9), 
mouse fibroblasts (10), human placenta (11), human corpus 
luteum,' human endometrium,! and rat kidney.2- The concentra- 
tion of 20a-hydroxysteroid dehydrogenase activity in rat ovary is 
comparatively high, at least several hundred times higher than 
that estimated for the human placental tissue, endometrium, 
corpus luteum, and rat kidney. Qualitative similarity exists 
between the rat ovary and human placental systems in terms of 
intracellular distribution and cofactor preference. However, 
until more definitive characterizations are made of each of 
the systems it is impossible to say how general such similarities 
might be. In contrast are the obvious dissimilarities of the rat 
liver enzyme(s) that catalyze C-20 reduction (a) and possess 
different substrate specificity and intracellular distribution 
(12-14). These latter enzymes also display preference for TPN. 


SUMMARY 


1. The rat ovarian 20a-hydroxysteroid dehydrogenase was 
found on partial purification to, have a specific requirement for 
triphosphopyridine nucleotide. 

2. Its inactivity as a reduced triphosphopyridine nucleotide— 
diphosphopyridine nucleotide transhydrogenase is explained by 
the lack of dual nucleotide specificity. 

3. Michaelis constants for 4-pregnen-20a-ol-3-one and _tri- 
phosphopyridine nucleotide indicate a higher affinity of the 
enzyme for the pyridine nucleotide. 


1 J. Zander and W. G. Wiest, unpublished observations. 
2 W. G. Wiest, unpublished observations. 


Rat Ovarian 20a-Hydroyxsteroid Dehydrogenase 


Vol. 236, No. 9 


4. At pH 7.0 and with equal concentrations of reduced and 
oxidized triphosphopyridine nucleotide, the equilibrium concen. 
tration of 4-pregnen-20a-ol-3-one exceeds that of progesterone 
in a ratio of 1.7:1. 

5. The enzyme shows an absolute specificity for the 20g. 
hydroxy configuration. 
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The position of squalene as the key biosynthetic intermediate 
immediately preceding the formation of sterol has been well 
established, both by a number of experimental studies (2-5) and 
by theoretical considerations (6,7). In addition, recent studies 
on the enzymic synthesis of squalene have established farnesy] 
pyrophosphate as its immediate precursor in both yeast and liver 
enzyme systems (8, 9), and the properties of the liver enzyme 
system have been defined (9). The mechanism of squalene for- 
mation has also been clarified, and has been shown to be an 
asymmetrical process involving the exchange of one hydrogen 
atom from one of the two central carbon atoms of squalene during 
its synthesis (10). 

In comparison with the synthesis of squalene, however, the 
details of the enzymic cyclization of squalene to sterol are less 
completely known. The fundamental properties of this reaction 
were established by Tchen and Bloch (4) when they showed that 
the formation of sterol from squalene required molecular oxygen, 
and that molecular oxygen was incorporated into the 3-hydroxyl 
group of the resulting sterol. They found that both the particu- 
late and soluble fractions of liver homogenates were required for 
this conversion, and that reduced pyridine nucleotide was a 
necessary cofactor. It has also been shown recently that during 
cyclization of squalene to sterol a double shift of methyl groups 
occurs: the methyl group from position 14 migrates to position 
13, and the group from position 8 to position 14 (11, 12). 

In the present work, further definition of the characteristics 
of the liver enzyme system involved in the formation of sterol 
from squalene will be presented. 


EXPERIMENTAL PROCEDURE 


Enzyme Preparations—Fed rats weighing 150 to 175 g were 
used. Rat liver homogenates were made, as described in detail 
elsewhere (9, 13), in 0.1 m potassium phosphate buffer, pH 7.4, 
containing 4 mm MgCl, and 30 mo nicotinamide, following the 
method of Bucher and McGarrahan (14). Microsomal and sol- 
uble enzyme fractions were prepared from the homogenates as 
described by Popjak et al. (13). The microsomes were usually 
washed twice, each time by suspension in a large volume of the 
above buffer followed by sedimentation at 105,000 x g for 45 
minutes. After the final washing, the microsomes were sus- 


*The initial phases of this investigation were conducted at the 
M. R. C. Experimental Radiopathology Research Unit, Hammer- 
smith Hospital, London, England, while the author was a Re- 
search Fellow of the Helen Hay Whitney Foundation. A prelimi- 
nary report of this work has appeared (1). 


pended in a volume of the same buffer equal to 7, the volume 
of the liver homogenate from which they had been prepared. 

The soluble protein of the rat liver homogenate was fraction- 
ated by the addition of solid ammonium sulfate. The active 
enzyme preparation used was the protein fraction which pre- 
cipitated between 30 and 60% ammonium sulfate saturation, 
and will be designated as F3. The precipitate was collected by 
centrifugation and was dissolved in 0.02 m KHCO; and dialyzed 
against the same solution for 3 to 4 hours at 4°. After centrifu- 
gation of the dialyzed solution, its protein content was 30 to 50 
mg per ml. 

Incubations were conducted at 37° in a metabolic shaking in- 
cubator for 1 to 3 hours (see ‘‘Results’’). Aerobic incubations 
were made in 10- or 25-ml Erlenmeyer flasks with room air as the 
gas phase. Anaerobic incubations were made under a stream 
of No. 

Extraction and Separation of Squalene and Sterol—The incuba- 
tions were usually terminated by the addition of an equal volume 
of 15% KOH in 85% ethanol. Carrier squalene (5 or 10 ul) 
and cholesterol (1 mg in solution in ethanol) were then added, 
and the mixture was saponified by heating at 70° for 1 hour. 
The unsaponifiable compounds were extracted with light petro- 
leum ether and the squalene and sterol separated by chroma- 
tography on alumina (Woelm, neutral, grade II). Squalene was 
first eluted with petroleum ether (10 ml/2 g of alumina), fol- 
lowed by the elution of the sterols with acetone-ether (1:1). 
The latter eluate was evaporated to a small volume and the 
sterols precipitated as digitonin complexes. After standing 
overnight at 0°, the sterol digitonides were collected by centrifu- 
gation, washed with cold acetone-ether (1:2), and the sterol C4 
activity determined. 

Assay of C™ in Squalene and Sterol—(a) In London: Squalene 
C™ activity was determined by plating a measured aliquot of 
the petroleum ether solution on a plastic planchet, and counting 
this with a thin end window counter with an efficiency of about 
6% (9). Sterol radioactivity was measured by filtering the dig- 
itonide precipitate on to a filter paper disk on a perforated 
weighed planchet, and counting the dried planchet (15); appro- 
priate self-absorption corrections were made for the weight of 
solid digitonide. (6) In Bethesda: The C™ activity in squalene 
was measured by completely evaporating the petroleum ether 
eluate, dissolving the residue in 15 ml of a solution of diphenyl- 
oxazole in toluene (5 g per liter), and counting this solution in a 
Packard liquid scintillation spectrometer, with an efficiency of 
54%. Sterol C' activity was determined by first dissolving the 
washed and dried digitonide precipitate in 0.7 ml of pyridine at 
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80°. The digitonin was then precipitated by the addition of 20 
volumes of anhydrous ether. The ether-pyridine solution was 
evaporated dry with No, and the residue of free sterol dissolved 
in 15 ml of diphenyloxazole-toluene solution and counted. Ap- 
propriate controls demonstrated that a quantitative recovery of 
sterol was achieved by this procedure. 

Substrates—C'#-farnesyl-PP was prepared enzymically from 
(—)2-C-mevalonate-5-P, and was isolated and purified as de- 
scribed previously (9); it had a specific activity of 0.6 uc per umole. 

C-labeled squalene was prepared biosynthetically from 
pL-2-C-mevalonic acid, with the 10,000 x g supernatant of rat 
liver homogenates, together with (in micromole per ml) ATP, 
2.5; DPNH, 0.25; TPN, 0.125; glucose-6-P, 0.15; and NaF, 5. 
The incubation was carried out under N: at 37° for 2 hours; 
addition of cofactors was repeated at the end of the first hour. 
The completed incubation was saponified under Ne without the 
addition of carrier squalene. After extraction of the unsaponi- 
fiable compounds with petroleum ether, the squalene was sepa- 
rated by chromatography on alumina. The squalene so obtained 
was stored at —20° in hexane solution and was used without 
further purification. Its specific activity was determined from 
the specific activity of the mevalonic acid used as substrate (0.2 
uc per umole), together with a correction for the amount of endog- 
enous squalene expected to have been present in the liver homoge- 
nate used. This latter correction may be made with some con- 
fidence, since Langdon and Bloch reported a value of 25 ug of 
squalene per g of liver (2), and Loud and Bucher found 26 ug 
per g of liver (5). In any event, the calculated dilution of newly 
synthesized squalene with endogenous squalene was less than 
40%, so that a small or even moderate error in the calculated 
dilution would have had only a very small effect on the final 
value of the specific activity. On the day of an experiment a 
measured aliquot of the C'*-squalene in hexane solution was 
evaporated dry with N: and was then dissolved in a measured 
volume of acetone. Squalene was supplied to an incubation by 
adding, dropwise, 0.05 ml of this acetone solution to the incuba- 
tion flask while gently shaking the contents of the flask; in all 
cases the squalene was the last ingredient added. 

Materials—The sources of the various coenzymes and other 
chemicals used in London were listed in a previous publication 
(9). In Bethesda, TPNH was obtained from the Sigma Chemi- 
cal Company. Cholesterol, GSH, cysteine, 2-mercaptoethanol, 
p-chloromercuribenzoate, N-ethylmaleimide, iodoacetamide, 
EDTA, and ascorbic acid were products of Nutritional Bio- 
chemical Corporation of California. The various inorganic 
salts and organic solvents and reagents were all analytical grade 
chemicals. Squalene was obtained from Eastman Kodak chemi- 
cals as a purified product. 

DL-2-C'-mevalonic lactone was purchased from the Radio- 
chemical Center, Amersham, England; it was diluted with un- 
labeled mevalonic lactone and converted to the free acid as de- 
scribed elsewhere (9). 

Reaction Product and Correction of Yield of Sterol—During the 
early stages of this work an attempt was made to obtain an en- 
zyme preparation which would convert squalene only to lano- 
sterol, thus permitting the study of the cyclization of squalene, 
without the interference of the later reactions involved in the 
conversion of lanosterol to cholesterol. In order to achieve this, 
Waring Blendor homogenates of hog liver were prepared by the 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 


procedure described by Tchen and Bloch (4); such preparations 
have been claimed to make only lanosterol from squalene (4), 
The sterol synthesized by these homogenates from C"*-squalene 
was chromatographed on alumina (Woelm, neutral, grade I) by 
a slight modification of the method of Schneider, Clayton, and 
Bloch (16) for the separation of lanosterol from cholesterol. [t 
was found that the sterols synthesized by these hog liver homoge. 
nates were variable, and seemed to be strongly dependent op 
the concentration of TPNH. When excess TPNH was supplied 
the preparation synthesized mainly cholesterol. It was there. 
fore decided to use the enzyme preparation described above, 
thus permitting the results to be directly compared with those 
of many other studies on cholesterol biosynthesis (e.g. 9, 13) in 
which similar enzyme preparations were used. Chromatography 
on alumina of the sterols from several of the experiments revealed 
that this preparation synthesized cholesterol as its main sterol 
product. 

The conversion of C'-squalene prepared from 2-C!4-mevalo. 
nate to cholesterol results in the loss of one of the six labeled 
carbon atoms of squalene. In order to correct for this, al] 
measured sterol C™ activities were multiplied by 1.2. All sterol 
activities have been corrected in this way; the amounts of sterol 
radioactivity listed in “Results,” therefore, really indicate the 
amounts of squalene radioactivity converted to sterol. 


RESULTS? 


Experiments with C''-Farnesyl-PP—In any enzymatic study in- 
volving water-insoluble substrates the presentation of the sub- 
strate to the enzyme without significantly altering the properties 
of the system poses a problem. In order to circumvent this 
problem, the initial experiments in this work used the water- 
soluble farnesyl-PP as substrate. Inasmuch as farnesy]-PP is 
the immediate precursor of squalene, and because the require. 
ments and properties of the system that converts farnesyl-PP 
to squalene have been recently defined (9), it was felt that this 
would provide a minimally altered system for the study of sterol 
synthesis. Accordingly, a number of experiments were con- 
ducted in which C'*-squalene was first synthesized with washed 
microsomes alone, in anaerobic incubations, from C1*-farnesy!- 
PP; sterol synthesis was then studied by continuing the incubs- 
tion aerobically, after making the desired additions to the system. 

The results of one of these experiments are presented in Table 
I, and demonstrate that with microsomes alone, in the absence 
of F%, very little sterol was formed (incubations 1 and 2); when 
F% was added, however, a good yield of sterol was obtained 
(incubations 3 and 4). These data also show that strong stimv- 
lation of sterol synthesis occurred on the addition of a reducing 
agent (in this case, GSH + ascorbate) to the system. 

The rate of sterol synthesis from squalene synthesized in silu 
from C"-farnesyl-PP is shown in Table II. After a brief lag 
period sterol synthesis proceeds in roughly linear fashion for 2} 
hours. A constant rate of sterol synthesis for 3 hours was ob- 
served by Tchen and Bloch (4). These data also illustrate the 
fact that sterol synthesis from squalene is considerably slower 
than squalene synthesis from its immediate precursor; in 4 
minutes, 4080 c.p.m. of squalene had been formed from approx 
mately 6000 c.p.m. of farnesyl-PP, whereas in 155 minutes, only 
2024 c.p.m. of squalene was converted to sterol. 

2 The experiments presented in Tables I, II, III, and IV, andi 


Experiment A of Table VI were performed in London and the I 
mainder in Bethesda. 
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TaBLe 
Sterol synthesis from squalene enzymatically synthesized 
in situ from C'4-farnesyl-PP 

An anaerobic incubation of 45 minutes was followed by aerobic 
periods as indicated. Each milliliter of anaerobic incubation 
contained (in micromoles): microsomes (washed twice), 0.07 ml; 
MgClz, 5; NaF, 10; nicotinamide, 30; K-PO, buffer, pH 7.4, 100; 
serum albumin, 3 mg; TPN, 2.5; glucose-6-P, 2.7; purified glucose- 
§-P dehydrogenase; ~6000 c.p.m. (0.075 umole) C'*-farnesyl-PP. 
The aerobic incubations each contained, in a final volume of 3 
ml: 1.5 ml of anaerobic incubation; 0.10 ml of microsomes (washed 
twice); purified glucose-6-P dehydrogenase; plus (in micromoles) 
K-PO, buffer, pH 7.4, 100; nicotinamide, 30; NaF, 10; TPN, 1; 
gucose-6-P,0.9. Other additions made at the start of the aerobic 
period are listed below. After 20 and 45 minutes, TPN and glu- 
cose-6-P (1 umole each) were added. Samples for analysis were 
taken at the start of the aerobic incubation and after time inter- 
yals listed below. The results (c.p.m.) are expressed in terms of 
the equivalent substrate in 1 ml of anaerobic incubation. 


Ti f recovere 
incubation 
Sterol 
min c.p.m. 
(anaerobic) 0 3640 2 
1 None 30 lost 56 
75 3180 | 92 
2 GSH, 13 umoles + potas- 30 3100 | 92 
sium ascorbate, 20 umoles 75 3410 | 146 
3 F%, 37 mg of protein 30 2540 | 288 
75 2320 | 583 
4 F$o, 37mg + GSH,13 zmoles| 30 | 2380 | 390 
+ potassium ascorbate, 75 2150 | 995 
20 umoles 
TaBLe II 


Time study of sterol synthesis from squalene enzymatically 
synthesized in situ from C-farnesyl-PP 
An anaerobic incubation of 45 minutes was followed by an 
aerobic incubation of 33 hours. The incubations had essentially 
the same composition and were conducted as described for aerobic 
incubation 4 in Table I. Supplementary TPN and glucose-6-P 
were added after each time interval listed below. 


Recovered radioactivity 
Time of aerobic incubation 
Squalene Sterol 
min c.p.m. 

0 4080 6 
30 3100 222 
60 2440 658 
90 1760 1170 

120 1500 1642 
155 1180 2024 
180 1080 2084 
210 900 1966 
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Enzyme and Coenzyme Requirements for Squalene Conversion to 
Sterol—Experiments were next undertaken with C'4-squalene as 
substrate. The data in Table III establish the need for both 
microsomes and F$) for sterol formation from squalene. As be- 
fore (cf. Table I), in the absence of F%p only a very small yield 
of sterol was observed. In the absence of microsomes, absolutely 
no sterol was synthesized. When both these fractions were 
present, however, a good yield of sterol was obtained. 

The conversion of squalene to sterol requires TPNH as an 
essential cofactor; this was shown by the experiment summarized 
in Table IV. DPNH cannot substitute for TPNH. This con- 
clusion has been confirmed by other experiments in which a much 
greater quantity of DPNH was added, yet in which almost no 
sterol synthesis was observed. 

Stimulation of Sterol Synthesis by Mercaptan Addition—The 
results presented in Table V demonstrate the marked need for 
the addition of a reducing agent when C™-squalene was used as 
substrate. In the absence of any addition to the system (Ex- 
periment 1) very little sterol was formed. When GSH was 
added, however, an excellent yield of sterol was observed (Ex- 


TaBLe III 
Enzyme requirements for sterol synthesis from C-squalene 

Each incubation contained (in micromoles): K-PO, buffer, pH 
7.4, 110; nicotinamide, 30; MgCl2, 5; GSH, 5; potassium ascorbate, 
10; TPN, 1.5; glucose-6-P, 2.7; ~4000 c.p.m. (0.03 umole) of 
C-squalene added in 0.05 ml of acetone. Experiment 1 (complete 
system) also contained 0.10 ml of microsomes (washed twice) and 
13 mg of F% protein. Experiments 2 and 3 omitted one of these 
enzyme fractions as listed below. Sufficient purified glucose-6-P 
dehydrogenase was added to Experiment 3 to compensate for the 
activity of this enzyme present in the F§) in Experiments 1 and 2. 
The final volume was 1.20 ml. Incubations were made for 2 
hours open to air. After 1 hour, TPN, 1.5 umoles, and glucose- 
6-P, 2.7 umoles, were added to each. 


Recovered radioactivity 
Experiment Omission 
Squalene Sterol 
c.p.m. 
1 None 3070 548 
2 Microsomes 3340 0 
3 Fi 3480 25 
TaBLe IV 


Pyridine nucleotide requirement for sterol synthesis 
from C4-squalene 

The incubations were identical with the complete system (Ex- 
periment 1) described in Table III, except for the omission of 
TPN and glucose-6-P. Coenzyme additions, listed below, were 
repeated after 1 hour. 


Recovered radioactivity 
Additions 
Squalene Sterol 
c.p.m. 
DENT, 2 3640 23 


* Generated from TPN, 1.5 umole + glucose-6-P, 2.7 umoles. 
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TABLE V 
Stimulation of sterol synthesis from C'4-squalene by GSH, 
EDTA, and ascorbate, and lack of effect of Mg** 

Each incubation contained, in a final volume of 2 ml: 0.20 ml of 
washed microsomes; 30 mg of F%. protein; K-PO, buffer, pH 7.4, 
200 umoles; nicotinamide, 60 umoles; TPNH, 2 wmoles; ~7000 
c.p.m. of C'4-squalene (0.006 umole) added in 0.05 ml of acetone. 
Other additions as listed below. In Experiments 8 to 11, the 
microsomes and F%) were dialyzed against mm EDTA before use. 
The incubations were made for 2 hours and 15 minutes, open to 
air. After 45 and 90 minutes, TPNH, 1 umole, was added to each. 


| radioactivity | 
Experi- | enzymes | | | Conver 


| 
| 
EDTA | 


ment | against | Additions a sion to 
mM | Squal- sterol 
| | c.p.m. % 
1 | — | None 5688 | 430 7.0 
2 | — | GSH, 20 umoles 3658 | 2071 | 36.4 
3 — | Potassium ascorbate, 20 | 5066 | 1447 22.2 
| | moles 
4 | — GSH, 20 umoles + potas- | 4423 | 1984 | 31.0 
sium ascorbate, 20 
moles | 
5 — ; MgCle, 10 umoles | 4021 | 392 8.9 
6 - GSH, 20 umoles + MgClo, | 3109 | 1691 | 35.2 
10 umoles | 
7 — EDTA, 20 umoles 5128 | 1392 | 21.3 
8 + None 4046 | 911 | 18.4 
9 + | GSH, 20 umoles 2972 | 2764 | 48.2 
10 a Potassium ascorbate, 20 | 6148 | 1132 | 15.5 
pumoles 
ll aa GSH, 20 umoles + potas- | 4162 | 2123 | 33.8 
sium ascorbate, 20 u- 
| moles 


periments 2 and 6). The requirement for GSH could be partly 
satisfied by EDTA; this could be achieved either by adding 
enough EDTA (to 5 to 10 mm) to the incubation (Experiment 7), 
or by dialyzing the enzyme fractions against mm EDTA (in 0.02 
M phosphate buffer, pH 7.4, or in 0.02 m KHCOs;) at 4° before 
use (Experiment 8). Maximal conversion of squalene to sterol 
was consistently observed by the addition of GSH to an enzyme 
system that had been dialyzed against mm EDTA (Experiment 
9). Ascorbate was much less effective than GSH. When added 
alone (Experiment 3), ascorbate stimulation was about the same 
as with EDTA alone; when ascorbate was added with GSH the 
yield of sterol was usually less than with GSH alone (Experiment 
11, as cf. Experiment 9 or Experiment 4, as cf. Experiment 2). 

The requirement for GSH, to stimulate sterol synthesis, could 
be fully satisfied by other compounds containing a reduced —SH 
group. Cysteine and 2-mercaptoethanol, for example, were quite 
as effective as GSH in this respect, with maximal stimulation 
observed at thiol concentrations of 5 to 10 mm. It could thus 
be inferred that these various compounds probably act to stimu- 
late sterol synthesis by keeping an essential —SH group in the 
reduced state. 

Effects of —SH Inhibitors, including p-chloromercuribenzoate, 
N-ethylmaleimide, iodoacetamide, and arsenite, were tested in 
this system. As the results in Table VI indicate, every com- 
pound tested significantly inhibited the conversion of squalene 
to sterol. Inhibition with p-chloromercuribenzoate was _par- 
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ticularly severe, and was only partially overcome by adding even 
a 13-fold excess of GSH. In contrast, inhibition by arsenite 
was quite readily reversed by the addition of only a moderate 
excess of GSH. These results confirmed the above conclusion 
that there is an essential —SH group involved in squalene cyeji- 
zation. 

Localization of —SH Inhibition to Microsomes—The experi. 
ment described in Table VII was carried out to determine 
whether the enzyme sensitive to the above —SH inhibitors was 
located in the microsomes or the F%$}. Portions of the micro. 
some suspension and the F%, solution were separately preincu- 
bated for 20 minutes at 37° in 0.02 m phosphate buffer + my 
EDTA, containing either 5 mm N-ethylmaleimide, 5 mm iodo. 
acetamide, or nothing additional (control). The variously 
treated microsomes and F%} solutions were then separately dia- 
lyzed at 4° for 2 hours against large volumes of 0.02 m phosphate 
buffer + mm EDTA, in order to remove all unreacted inhibitor, 
At the end of the preincubation period a voluminous precipitate 


TaBLe VI 
Inhibition of sterol synthesis from C'4-squalene 
by —SH inhibitors 

In Experiment A, each incubation contained, in a final volume 
of 1.20 ml: 0.12 ml of microsomes; 12 mg of F$) protein; ~2200 
c.p.m. of C4-squalene (0.02 umole) added in 0.05 ml of acetone; + 
(in ymoles) K-PO, buffer, pH 7.4, 110; nicotinamide, 30; potassium 
ascorbate, 10; TPNH, 1. In Experiments B and C the incuba- 
tions were identical with Experiment 8 of Table V. Incubations 
were made for 2 hours, with TPNH (1 umole) added after 40 and 
75 minutes. In those flasks containing GSH + an inhibitor (p- 
chloromercuribenzoate or arsenite), the GSH was added to the 
incubation first. 


Recovered 
radioactivity 
Squal- 
| Sterol 
c.p.m. % 
A None 1980] 248 


p-Chloromercuribenzoate, 0.4 umole | 1870 
p-Chloromercuribenzoate, 1.5umoles | 2250) 1) 100 
p-Chloromercuribenzoate, 1.5 


moles + GSH, 4 umoles 2080, O| 100 
N-ethylmaleimide, 0.5 zmole 1910; 92] 63 
N-ethylmaleimide, 3 umoles 2160; Oj} 10 
Iodoacetamide, 0.5 1880) 133 46 
Iodoacetamide, 3 umoles 2050} 92 63 

B None 3395/1308 
GSH, 20 umoles 3205/2969 
NaAsOsz, 3 umoles 4002! 265 | 78 


NaAsOsz, 3 umoles + GSH, 20 umoles | 4221/3260 | None 
p-Chloromercuribenzoate, 1.5umoles | 5329) 126 92 
p-Chloromercuribenzoate, 1.5 wmoles 


+ GSH, 20 umoles 5544/1006 68 
N-ethylmaleimide, 2 umoles 4706| 389 73 
Iodoacetamide, 2 wmoles 4826] 383 73 

Cc None 6022) 924 
GSH, 10 umoles 4978/3418 
NaAsOs, 3 umoles 6541| 301 | 67 


NaAsOz, 3 umoles + GSH, 10 umoles | 5338/2820 | 15 


* Control (no inhibitor added). 
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iyd formed in the F%5 solution in N-ethylmaleimide, and a slight 
precipitate in the F% in iodoacetamide; no obvious changes oc- 
qrred in the microsome suspensions. As described in Table 
Vl, incubations were then set up with various combinations of 
treated and control microsomes and F%}. The results of these 
incubations (see Table VII) demonstrated that the —SH com- 
pound sensitive to the two inhibitors used was located in the 
microsomes and not the Fy. Thus, prior incubation of the 
microsomes with iodoacetamide resulted in a 40% inhibition of 
terol synthesis, whereas identical incubation of the F%) with 
iodoacetamide had absolutely no effect. Furthermore, the com- 
hination of treated microsomes and treated F$) gave roughly the 
ame sterol yield as the use of treated microsomes and control 
fy. Similarly, prior incubation of microsomes with N-ethyl- 
maleimide completely inhibited (98 % inhibition) sterol synthesis, 
whereas a similar incubation of the F$) under the same conditions 
sulted in only 35% inhibition. This latter degree of inhibition 
ofthe N-ethylmaleimide-treated F% is considered to be of doubt- 
ful significance in view of the voluminous precipitate formed in 
this solution during the prior incubation period. 

Effect of Divalent Cations—The data in Table VIII demonstrate 
the complete indifference of this system to the addition of 1.8 
ymoles of Mg++, Mn**, Co*+, or Ca++. The conversion of 
sualene to sterol clearly does not require the presence of a di- 
valent cation. That this is so can, of course, be inferred from 
the fact that dialysis of the enzyme preparations against EDTA 
stimulates sterol synthesis, and data to this effect (on Mg**) 
have also been presented in Table V. The system was quite 
strongly inhibited by the other cations tested (Fe++, Ni+*, Zn**, 
and Cu++), with Cut++ inhibition being the most potent (98%). 
Itis probable that EDTA effects stimulation of sterol synthesis 
by binding traces of these inhibitory heavy metal cations pres- 
ent in the enzyme preparation. 

Effect of pH on the conversion of squalene to sterol was stud- 
ied in the pH range 6.1 to 9.0. This range was covered by po- 
tassium phosphate and Tris-HCl buffers. The results, shown 
in Fig. 1, indicate that the optimal pH is close to 7.5, with activity 
decreasing abruptly below pH 7 and above pH 8. 


TaBLe VII 


Localization of enzyme sensitive to —SH inhibitors 
to microsomes 


Preincubations were carried out as described in detail in the 
text. Incubations of 2 ml were then made, each containing 0.20 
ml of microsomes (treated or control); 20 mg of F% protein 
(treated or control); 8000 to 9000 c.p.m. of C'-squalene (0.007 
umole) added in 0.05 ml of acetone; + (in micromoles) K-PO, 
buffer, pH 7.4, 200; nicotinamide, 60; TPNH, 2. Incubations 
were made for 2 hours, with TPNH, 1 umole, added after 45 and 
75 minutes. 


Recovered radioactivity 
Details of preincubations 
Squalene Sterol 
c.p.m. 

Fh in iodoacetamide..................... 7250 1116 
Microsomes in iodoacetamide. ............ 7634 611 
Fi + microsomes in iodoacetamide....... 8088 539 
Fu in N-ethylmaleimide. ................. 8046 643 
Microsomes in N-ethylmaleimide.......... 8458 23 
% + microsomes in N-ethylmaleimide...| 8599 10 
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TaBLe VIII 
Effect of divalent cations on sterol synthesis from C'4-squalene 


The 2-hour incubations were essentially identical with Experi- 
ment 8 of Table V, with additions as listed below. 


Recovered radioactivity 
Additions, 1.8 ymoles each Inhibition 
Squalene Sterol 
c.p.m. %° 
6697 964 None 
Nickel acetate. ............ 7706 236 78 
T T T i: T T q T T T T T T T T 
a 


a TRIS-HCL BUFFER 
OK-PO4 BUFFER 


20 


SQUALENE CONVERSION 
TO STEROL, PERCENT 


%o 64 68 2 7.6 80 84 88 
pH 

Fig. 1. Effect of pH on the conversion of C1*-squalene to sterol. 
Incubations of 2 ml were made, identical to those of Table VIII 
except for the omission of buffer and the addition of 20 umoles of 
GSH to each flask. A 200-umole amount of either potassium 
phosphate or Tris-HCl buffer, of various pH values, was then 
added. The final pH values were determined on the complete 
system, minus substrate. 


DISCUSSION 


The results presented here demonstrate that the conversion of 
squalene to sterol requires the participation of at least two en- 
zymes (one in the microsomes and one in the F%), one essential 
cofactor (TPNH), and molecular oxygen. With incubations 
in vitro and use of squalene as substrate, there is also an almost 
obligatory requirement for a reduced mercaptan such as GSH, 
and the system is active only over a limited pH range close to 7.5. 

The requirement for both the particulate and soluble fractions 
of liver homogenates for the synthesis of sterol from squalene 
was, of course, noted by Tchen and Bloch in 1957 (4). No 
attempt was made, however, to fractionate further the enzymes 
involved. These workers also found an absolute need for re- 
duced pyridine nucleotide for this reaction; both TPNH and 
DPNH were found to be effective, however, with DPNH being 
about one-third as effective as TPNH. In contrast, in the 
present work an almost absolute requirement for TPNH has 
been observed. DPNH, even in considerable excess, has never 
been associated with more than a trace yield of sterol (less than 
5% of the yield obtained with TPNH under comparable condi- 
tions). 
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The present work has also indicated that there is an essen- 
tial —SH group associated with the microsomal enzyme involved 
in sterol synthesis from squalene. This conclusion derives from 
several lines of evidence, including the stimulation of sterol 
synthesis by the addition of —SH compounds to the incubation, 
and the inhibition of sterol synthesis caused by —SH inhibitors. 
When C*-squalene was used as substrate an almost obligatory 
requirement for added reduced mercaptan was observed; this 
could be satisfied equally well by any one of several —SH com- 
pounds. Although partial stimulation of sterol synthesis was 
observed with ascorbate or EDTA, no compound was found to 
stimulate this system as well as one of the —SH compounds. 

Significant inhibition of sterol synthesis from squalene was 
observed with every —SH inhibitor tested. This is in contrast 
to the synthesis of squalene from farnesyl-PP, in which inhibi- 
tion was noted with p-mercuribenzoate and N-ethylmaleimide, 
and slightly with arsenite, but not with iodoacetamide (9). The 
conversion of squalene to sterol is thus the second site in choles- 
terol synthesis from mevalonate at which iodoacetamide inhibi- 
tion is effective, the first being the isomerization of isopenteny] 
pyrophosphate to dimethylallyl-PP (8). In addition, the ease 
with which arsenite inhibition’was overcome by excess GSH in- 
dicates that only a single —SH group is involved here, rather 
than two closely juxtaposed —SH groups. If two closely jux- 
taposed —SH groups were involved, arsenite inhibition would 
not have been reversed by only a 3-fold excess of GSH, but would 
have required the addition of a disulfhydryl compound such as 
2,3-dimercaptopropanol (17). The localization of the —SH 
enzyme sensitive to these inhibitors to the microsomes was 
achieved by appropriate prior incubations with N-ethylmalei- 
mide and iodoacetamide. 

In conclusion, a comparison of the properties of the system 
which synthesizes squalene from farnesyl-PP (9) with the present 
system involved in the cyclization of squalene to sterol might be 
of interest. At first glance these two systems appear to resemble 
each other strongly. Thus, both require microsomal particles 
and reduced pyridine nucleotide, and both are inhibited by —SH 
inhibitors. The enzymic synthesis of squalene requires only 
microsomal particles, however, and is, in fact, inhibited by the 
addition of soluble enzymes because of the conversion thereby 
of some of the farnesyl-PP into farnesoic acid (9, 18). Further- 
more, squalene synthesis proceeds almost as well with DPNH as 
with TPNH, in striking contrast to the present observations on 
sterol synthesis. A fundamental difference exists, of course, in 
the requirement for molecular oxygen for sterol synthesis; not 
only does squalene formation not require the presence of oxygen, 
but it proceeds best under anaerobic conditions (13). In addi- 
tion, as discussed above the patterns of inhibition of the two 
reactions by —SH inhibitors differ from each other. Finally, 
the absence of a cation requirement for the conversion of squalene 
to sterol is in marked contrast to the divalent cation requirement 
for squalene synthesis. 


SUMMARY 


Studies have been conducted on the formation of digitonin 
precipitable sterol from C'*-squalene biosynthesized from 2-C"- 
mevalonate, and from C"-farnesyl pyrophosphate. The con- 
version of squalene to sterol requires both the microsomes and 


Enzymatic Conversion of Squalene to Sterol 


Vol. 236, No, 9 


the soluble protein fraction of rat liver homogenates precipitabk 
with ammonium sulfate between 30 and 60% saturation. Re. 
duced triphosphopyridine nucleotide and molecular oxygen ap 
also essential; reduced diphosphopyridine nucleotide cannot sub. 


stitute for reduced triphosphopyridine nucleotide. 


In the ab. 


sence of added reduced mercaptan, little sterol was formed; goo 
conversion appeared, however, on addition of 5 to 10 m gluta. 
thione, cysteine, or 2-mercaptoethanol. The mercaptan require. 
ment could be partly replaced by ascorbate or ethylenediamine. 
tetraacetate (EDTA). Maximal yields were obtained by the 
addition of glutathione to enzyme fractions previously dialyzed 
against mM EDTA. The system was strongly inhibited by 
compounds known to react with sulfhydryl groups, including 
p-chloromercuribenzoate, iodoacetamide, N-ethylmaleimide, ang | 
arsenite. Two closely juxtaposed sulfhydryl groups are appar. 

ently not involved, for the arsenite inhibition was readily over. 


come by excess glutathione. 


also strongly inhibitory; the system was indifferent to the addi- 


tion of Mg++, Mn++, Co**, and Catt. 


By separate prior incv- 


bations of the microsomes and soluble enzymes with iodoacet- 
amide or N-ethylmaleimide it was shown that the sensitive sul. | 
hydryl enzyme involved is associated with the microsomes and 


not the soluble protein. 


The optimal pH for the system is close 


to 7.5 with activity falling off abruptly below pH 7 and above 
pH 8. 


Acknowledgment—I wish to thank Dr. George Popjak for a 
great deal of valuable advice throughout the course of this in- 
vestigation. 
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Metallothionein: a Cadmium and Zinc-containing Protein 
from Equine Renal Cortex 
II. PHYSICOCHEMICAL PROPERTIES* 
JeEREMIAS H. R. KAicit anp Bert L. VALLEE 
WITH THE TECHNICAL ASSISTANCE OF JANET M. CARLSON 


From the Biophysics Research Laboratory of the Department of Medicine, Harvard Medical School, and the 


Peter Bent Brigham Hospital, Boston, Massachusetts 


The initial purification of metallothionein from equine renal 
| cortex yielded preparations that were electrophoretically hetero- 
geneous and contained 2.9% cadmium, 0.6% zinc, and 4.1% 
sulfur (1). By diethylaminoethy] cellulose column chromatogra- 
phy, we have now obtained electrophoretically and ultracentrif- 
ugally homogeneous metallothionein containing 5.9% cadmium, 
22% zinc, and 8.5% sulfur. Most of the sulfur in metallothio- 
nein is accounted for by its cysteine content. The molecular 
weight of the protein is 10,000 + 260. 

The specific absorption of metallothionein at 250 my is shown 
to be a convenient monitor for its isolation. This absorption 
is characteristic of cadmium mercaptides, as indicated by the 
study of metallothionein and of cadmium complexes of mono- 
and dimercaptans. These spectral properties have been utilized 
in the examination of cadmium and zinc binding to thionein, the 
metal-free protein. A preliminary report has been given (2). 


EXPERIMENTAL PROCEDURE 


All reagents used in preparative and analytical procedures were 
examined for metal contamination by emission spectrography 
and purified when necessary. The methods for the purification 
of water and the cleaning of glassware have been described (3). 
Visking-Nojax casing, size 24/32, prepared before use (4), was 
used exclusively because metallothionein was partially dialyzable 
through other types of casing. 

DEAE-cellulose, Lot No. 1056, reagent grade, Eastman Or- 
ganic Chemicals, 0.7 meq of basic groups per g, was purified with 
NaOH and HCl to remove both organic and inorganic impurities 
(5). A column (1.9 X 80 cm) was prepared with DEAE-cellu- 
lose buffered with 0.005 m Tris at pH 8.6. Reproducible pack- 
ing was attained by gravity sedimentation at 4° followed by the 
application of 6 pounds per square inch of N2 pressure. 

The analytical methods for emission spectrography, cadmium, 
zinc, sulfur, and carbohydrates were the same as those used pre- 
viously (1). Protein weights were determined gravimetrically 
after drying in a vacuum over Drierite at 100° for 24 hours. Ni- 
trogen was measured by the method of Dumas (6). Reactive 


* This work was supported by a grant-in-aid from the National 
Institutes of Health of the Department of Health, Education and 
Welfare, No. H3117(C1), the Lasdon Foundation and the Nutri- 
tion Foundation. 

t Fellow of the Kettering Foundation, Dayton, Ohio. 
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protein mercapto groups were determined by titration with silver 
ions (7), CMB (8),! and N-ethylmaleimide (9). 

Amino acids were identified by two-dimensional paper chro- 
matography in butanol-acetic acid and phenol-ammonia (10), 
and by the ion exchange technique of Moore and Stein (11) on 
Dowex 50-X8 (250 to 400 mesh). The 0.9- x 100-cm column 
was used for the acidic and neutral amino acids, and the 0.9- 
x 15 cm column was used for the basic amino acids and am- 
monia. The cysteine residues were identified by paper chroma- 
tography as the N-ethylmaleimide derivative (12) and also as 
cysteic acid after performic acid oxidation of metallothionein 
(13).2 

Moving boundary electrophoresis was performed in 0.1 Mm so- 
dium phosphate buffer, pH 7, and in 0.1 m sodium acetate buf- 
fer, pH 5.5, at 1° in the Spinco model H electrophoresis apparatus. 
All velocity sedimentation experiments were conducted in a 12- 
mm synthetic boundary cell at 6° with a rotor speed of 59,780 
r.p.m. in the Spinco model E ultracentrifuge. Before ultra- 
centrifugation, samples were dialyzed for 20 hours against a 
solution of 1% sodium chloride in 0.05 m sodium phosphate, pH 
7.0. The dialysate served to form the synthetic boundary. 
The sedimentation data were corrected to standard conditions 
(8°20 , 

Diffusion coefficients were calculated from the spreading of 
the synthetic boundary at 10,589 and 23,150 r.p.m. (14), under 
conditions identical to those used in the velocity sedimentation 
studies. The diffusion patterns were enlarged by projection on 
graph paper; the areas were determined with a mechanical pla- 
nimeter. Results were calculated by the ‘maximal ordinate- 
area” and by the ‘maximal ordinate” methods and were cor- 
rected to standard conditions (D2o,~) (15). The partial specific 
volume was determined on a 1% protein solution in water with a 
5-ml pycnometer (15). Molecular weights were evaluated by 
computation from velocity sedimentation and diffusion data, and 
by the approach to equilibrium centrifugation. As suggested 
by Ehrenberg (14), equilibrium centrifugation was performed in 
a synthetic boundary cell at 23,150 r.p.m. at a protein concen- 


1 The abbreviations used are: CMB, p-chloromercuribenzoate; 
EDTA, ethylenediaminetetraacetic acid. 

2 We are much indebted to Dr. Hans Neurath, Department of 
Biochemistry, University of Washington, for these analyses. 
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Fig. 1. Chromatographie purification of metallothionein (1400 
mg); DEAE-cellulose, 0.7 meq of basic groups per g (1.9 X 80 
emcolumn). Fractions are identified by numerals and arrows; the 
volume of Fractions 1, 2, and 5 was 12 ml, and that of 3 and 4 was 
5 ml, collected at a flow rate of 3 ml per minute. Eluting buffer 
was Tris-HCl, pH 8.6, 4°; molarities are indicated. For the meas- 
urement of absorbancy at 250 mu (O——O) and 280 mz (@---@) 
samples were diluted with distilled water. 


[Cd]M [-SH]M 
(x104) 1.0; 15.0 (x10% 


5 
1.0 
Axr250 


Fig. 2. Chromatographic fractions of metallothionein; correla- 
tion of absorbancy, A oso, (see Fig. 1, Fraction 3) with cadmium 
content (@) and silver-titratable mercapto groups (A). 


tration of 0.94%; experimental conditions were identical to those 
used for the velocity sedimentation and diffusion studies. 

Ultraviolet absorption spectra were obtained at room tempera- 
ture with a Cary model II or Perkin-Elmer model 4000 recording 
spectrophotometer. The pH was measured with a Leeds and 
Northrup miniature pH electrode. The effect of hydrogen ions 
on the ultraviolet absorption spectrum was measured by titra- 
tion of the protein with dilute acid or base. 

The displacement of H+ ions from the metal-free protein, 
thionein, by cadmium was measured with an automatic titrator 
(Radiometer, Copenhagen).3 

3 The method used for the measurement of hydrogen ion release 


on addition of metal ions has been described by Coleman and 
Vallee (16). 


RESULTS 

Lyophilized metallothionein, prepared from horse kidney ¢op. 
tex by ethanol and salt fractionation (1), was purified furthe 
by DEAE-cellulose chromatography. A gram of protein dis. 
solved in 10 ml of 0.005 m Tris buffer, pH 8.6, was applied to the 
column and eluted by a stepwise increase of the ionic strength, 
The effluent was collected in fractions of 3 to 14 ml. Absorp. 
tion at 280 my and 250 my, cadmium, zinc, and the silver. 
reactive mercapto groups were measured. A typical elution 
diagram, with five separate components, is shown in Fig, ], 
Metallothionein emerged as the second and third peaks. It was 
identified by the absorption at 250 mu which coincided with the 
cadmium content and the characteristic, low absorption at 290 
my. The cadmium content and absorption at 250 mu showed q 
correlation coefficient, r, of 0.999 on successive fractions of Peak 
3 in Fig. 1. As shown by Fig. 2, the absorption at 250 my also 
correlated with the number of mercapto groups titrated with 
silver ions. The constant interrelationship between the content 
of cadmium, zinc, and mercapto groups in these fractions js 
demonstrated by the following ratios and their correlation coeft- 
cients: Cd:Zn = 1.46, r = 0.996; SH:Cd = 5.1, r = 0.998: 
SH:Zn = 7.2,r = 0.994; SH:(Cd + Zn) = 3.0,r = 0.997. 

The eluate fractions of the peaks were combined, dialyzed 
against several changes of distilled water for 48 hours at 4°, and 
lyophilized. In the lyophilized state, the protein fractions re- 
main water-soluble indefinitely. 

The cadmium and zine content of the individual, lyophilized 
fractions as well as the typical recovery of cadmium, zinc, and 
protein are summarized in Table I for Preparation II of Table 
II. Because the two cadmium-containing fractions (Peaks 2 
and 3) were virtually identical in metal composition, all further 
studies were restricted to the more abundant material of Peak 3, 
which contained 75% of the cadmium originally applied to the 
column. 

Symmetrical boundaries moving toward the anode were ob- 
tained when metallothionein was subjected to electrophoresis 
at pH 7.0. The patterns (Fig. 34) indicated that the protein 
is more than 90% monodisperse. Similarly, wltracentrifugal 
analyses at pH 7.0 showed a single component (Fig. 3B). Sedi- 
mentation experiments at eight concentrations of metallothio- 
nein showed a linear decrease of the sedimentation coefficient 
with increasing protein concentration (Fig. 4). By the method 
of least squares for rectilinear extrapolation to zero protein con- 


TABLE I 
Yields of metallothionein as measured by cadmium, zinc, and protein 
content of fractions obtained by DEAE-cellulose chromatography 


| Cadmium Zinc Protein cadmium 
% % % % 
Starting material | 100 100 100 2.4 0.8 
elution peak 
1 boa 2.7 7.4 0.7 0.3 
2 | 49| 50] 2.5] 4.7 | 16 
3 | 37.8 32.9 19.3 4.7 1.4 
4 | 4.7 0.3 0.5 
5 3.2 9.4 15.2 0.5 0.5 
Total recovery 49.1 54.7 | 52.1 


¢ Obtained by solvent and salt fractionation as described in (1). 
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centration, the slope of the line was —0.0227 mg- and the 
Was 1.758. 

Diffusion coefficients obtained on two preparations were 
12.49 10-7 and 12.40 x cm? by the “maximal ordi- 
nate-area’”’ method and 12.33 10-7 and 12.44 1077 em? sec? 
by the “maximal ordinate” method; the average value of Doo, 
js 12.42 + 0.07 10-7 cm? sec". 

The partial specific volume (V) of metallothionein, determined 
experimentally, was 0.648 ml per g. If the contribution of the 
metal to V is eliminated, and if it is assumed that the partial 
specific volume of the metal atoms present is identical to that of 
solid metal, a value of 0.687 g-! ml is obtained for the protein 
moiety alone. This is virtually identical to the value of 0.688 
obtained experimentally on thionein after removal of the metals 
by dialysis against 1.3 x 10-* m EDTA (see below). 

The molecular weights of two different samples (Preparations I 
and II, Table II) calculated from diffusion and sedimentation 
data and from the partial specific volume were 10,300 + 200 and 
9,790 + 200. The value obtained by Ehrenberg’s modification 
of the Archibald method was 9,980 + 300. The frictional ratio, 
f:fo, was 1.28 basing calculation on s°2,~ = 1.758, a mean molec- 
ular weight of 10,000 + 260, and V = 0.65 g™ ml. 

Elemental analyses of three preparations of chromatograph- 
ically purified metallothionein are shown in Table II. Cadmium 
(Column 4) and zine (Column 5) accounted for 95% of the total 
metal content and amounted to 8.5% of the dry weight in the 
purest preparation. The maximal cadmium content was 5.2 g 


Fic. 3. A. Moving boundary electrophoresis of metallothionein. 
Descending pattern after passage of a 10-ma current for 77 min- 
utes; protein concentration was 10 mg per ml in 0.1 M sodium phos- 
phate buffer, pH 7.0, 1°. 

B. Schlieren diagram of metallothionein during sedimentation 
ultracentrifugation in a synthetic boundary cell, 59,780 r.p.m. 
Exposure was taken 50 minutes after the rotor reached full speed. 
Protein concentration was 8.25 mg per ml in 0.05 m sodium phos- 
phate and 1% sodium chloride, pH 7.0, 6°. 
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0 2 4 6 
PROTEIN CONCENTRATION (mg/ml) 


Fig. 4. Concentration dependence of the sedimentation con- 
stant (S20,0) of metallothionein. Native metallothionein, first 
dialyzed against 1% NaCl, 0.05 m sodium phosphate, pH 7, was 
sedimented in a 12-mm synthetic boundary cell, 59,780 r.p.m., 6°. 
Each point of this plot, representing the determination of one 
value of S20, at a given protein concentration, was calculated by 
the method of least squares, as was the solid line representing the 
relationship of all points to one another. The calculated slope is 
—0.0227 S mg™ ml. 


atoms per mole or 5.9% by weight of native metallothionein; 
the same preparation contained 3.3 g atoms per mole or 2.2% 
zine (Line III A).4 Although the molar sums of cadmium and 
zinc remained nearly constant, their relative proportions varied. 
Cadmium and zine displace one another in complementary fash- 
ion when the protein is exposed to high concentrations of either 
ion (Lines I B and I C). Metallothionein, prepared so that 
either cadmium or zine becomes the predominant metal, is 
referred to henceforth as “cadmiumthionein” or “zincthionein” 
(Lines I B and IC). The metal-free apoprotein, thionein, was 
obtained by exposure of metallothionein to EDTA (Table II, 
Lines II B and III B). 

The purest metallothionein preparation contained 14.9% ni- 
trogen and 8.5% sulfur (Table II, Line III A), equivalent to 
16.4% nitrogen and 9.3% sulfur of thionein (Line III B). The 
metal content of metallothionein is responsible for this substan- 
tial difference. The large number of cysteine residues, about 25 
to 30% of the total amino acids, accounts for the unusually high 
sulfur content. Glycine, alanine, valine, leucine, isoleucine, 
serine, threonine, proline, aspartic acid, glutamic acid, lysine, 
histidine, arginine, methionine, and, questionably, phenylala- 
nine were also present. Hydroxyproline, tyrosine, and trypto- 
phan were absent.’ Purified metallothionein obtained by 
DEAE-cellulose chromatography contained less than 0.1% of 
hexose and sialic acid and no hexosamine (1). 

The purest preparation of metallothionein contained 26 ti- 
tratable mercapto groups, (Table II, Line III A), accounting 
for more than 95% of the total sulfur content; this is equivalent 
to 3 mercapto groups per g atom of bound metal (Table II, 
Column 9). All groups reacted instantaneously with mercap- 
tide-forming agents such as silver ions or CMB. However, 
reaction of metallothionein with N-ethylmaleimide was not in- 
stantaneous; alkylation was time-dependent, although calcula- 
tion of a definite end point did not prove possible. In contrast, 


4 Though present in all preparations, copper and iron (Table II, 
Columns 2 and 3) were minor constituents of metallothionein. 
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TaBLeE II 
Sulfur, reactive mercapto groups, metal and nitrogen content of metallothionein, thionein, and reconstituted cadmium- and zincthionein 
The data for sulfur and nitrogen are given as the percentage of total protein as indicated, those for all metals and reactive mercapto 


groups as gram atoms or moles per molecular weight 10,000. 


| i 2 


3 | 4 | 5 6 


7 8 9 
Pretreatment of metallothionein Nitrogen Cut Fee | ca? | Sulfur groups 
| 
% | 
} None 13.6 0.19 0.33 4.9 2.3 7.2 | 7.4 21 2.9 
B Dialysis against Cd**+ (cad-| 13.6 6.9 0.22 va 21 2.9 
miumthionein) ¢ 
C Dialysis against Zn** (zine- | 14.0 a a 1.4 5.8 7.2 | 7.3 19 2.7 
thionein) ¢ 
| 
II. A None 14.7 0.11 0.47 4.2 | 2.2 6.4 6.6 21 3.3 
B Dialysis against EDTA (thi- | 15.7 a a 0.12 | Q 0.12 y | 21 
onein)/ 
III. A None 14.9 0.18 0.45 5.2 3.3 8.5 8.5 26 3.0 
B Dialysis against EDTA (thi- | 16.4 9.3 
onein)/ 


@ Spectrographic determinations. The following elements were either absent or present in stoichiometrically insignificant amounts: 


Ag, Al, Ba, Ca, Co, Cr, Hg, Mg, Mn, Mo, Pb, Sn, Sr. 
Microchemical analyses. 


¢ Metallothionein was dialyzed for 24 hours against 2 X 10-4 m CdCl., in sodium phosphate (5 X 10-* m) sodium succinate (5 X 10-3 
m) buffer, pH 5, 4°; excess Cd** was removed by dialysis against multiple changes of the same buffer. 


4 Not determined. 


¢ Metallothionein was dialyzed for 48 hours against 0.2 m ZnSO, in 0.1 m sodium acetate, pH 4, 4°; excess Zn**+ was removed by di- 
alysis against 0.1 m Tris-HCl buffer, pH 7 (24 hours) and then 0.1 m sodium phosphate, pH 6 (24 hours). 


4 Metallothionein was dialyzed for 24 hours against several changes of 1.3 X 10-? m EDTA, pH 4, 4°; excess EDTA was removed by | 


dialysis against H.0. 
9 Not detected. 


TABLE III 
Interaction of thionein and metallothionein with 
Ag*, CMB, and N-ethylmaleimide 
In all instances, the number of mercapto groups reacting in- 
stantaneously* was measured and expressed as moles per mole. 


Reagent | Thionein? 
| 22 a | 2 
N-Ethylmaleimide........ 0 | 21 | 4 


« “TInstantaneous”’ is here used to indicate the earliest time 
after exposure of protein to the reagent in which titration end 
points could be obtained; this was about 1 minute. 

>’ Thionein was prepared by dialysis of a 3 X 10‘ m solution 
of metallothionein against 0.025 m sodium phosphate, pH 2, for 
24 hours, 4°. Before —SH titration, the solution was readjusted 
to pH 7 by addition of base. 

¢ Cd** was added to neutralized thionein in a molar ratio of 
3:1. 

4 Not determined. 


thionein prepared either by dialysis at pH 2 or against 10-2 m 
EDTA at pH 4.5, did react instantaneously with N-ethylmale- 
imide, silver ions, and CMB, and the measurements of the —SH 
groups in thionein by all three reagents are in excellent agree- 
ment. The reaction of N-ethylmaleimide with the —SH groups 
of the protein is prevented by the addition of Cd++ to thionein, 
demonstrating the dependence of the N-ethylmaleimide reaction 
on the absence of metal ions (Table ITI). 
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| / THIONEIN 
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Fic. 5. Absorption spectra of metallothionein, (A), thionein, 
(A, B), and cadmiumthionein, (B). Difference spectra of cad- 
mium- and zincthionein, (C), and the cadmium and zine complexes 
of 2-mercaptoethanol (D). In B, Cd** was added to 6 X 107° 
thionein (0), the numbers (1-4) identifying the spectra also repre- 
sent the multiples of the increments of Cd++ (5 X 10-§m). InD, 
6.8 X 10-4 m 2-mercaptoethanol was added to 4 X 10-5 m ZnCl: 
or 2 X 10-'m CdClz as shown. The E23 of the zine complex was 
6.3 X 10°; the E20 of the cadmium complex was 1.46 X 104. Per- 
kin-Elmer model 4000 recording spectrophotometer 1-cm cell, room 
temperature. In A, B, and C the buffer was 5 X 10-* m phosphate 
and succinate pH 5. In D, the buffer was 0.03 m Tris, pH 7.5. 


The ultraviolet absorption spectrum of metallothionein further 
demonstrates the interaction of cadmium and zine with —SH 
groups of the apoprotein. Although the absorption spectrum of 
metallothionein does not exhibit a specific band at 280 my there 
is a broad shoulder at 250 my with an absorbancy index of 7.3 
ml mg em-! (Fig. 5A). This absorption was abolished when 
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Fic. 6. Competition of Zn**, Cd**, and H* ions for the bind- 
ing sites of thionein. 


A. Metallothionein, 10-5 m in 5 X 107m phosphate and succi- 
nate buffer, was dialyzed against 2 X 10-4 m Cd+*+ (——) for 24 
hours at pH 5, 4°; excess Cd** was removed by dialysis for 24 hours 
against two changes of the same buffer. (Composition of final 
product, see Table II, Line IB). Similarly, the same concentra- 
tion of protein was dialyzed against 0.2 m zine sulfate in 0.1 M 
sodium acetate (-——) for 24 hours at pH 4, 4°; excess Zn** was re- 
moved by dialysis for 24 hours against two changes of 0.1 m Tris, 
pH 7, and 0.1 m phosphate, pH 6 (composition of final product, see 
Table II, Line I C). 

B. Cadmiumthionein, prepared as in A, was exposed to increas- 
ing hydrogen ion concentration by the stepwise addition of 0.5 m 
HCl. Absorption spectra were obtained at pH 5 (top curve), 4, 
3.7, 3.5, 3.3, 3.1, 3.0, 2.9, 2.75, and 2.3. The spectral changes oc- 
curred instantaneously. 


cadmium was removed from metallothionein by exposure to low 
pH or EDTA to yield thionein (Fig. 5A); it was restored when 
Cd*+ was added to thionein (Fig. 5B). The molar extinction co- 
efficient for cadmiumthionein was approximately 1.45 x 10¢ liter 
mole~! cm calculated from the increase of absorbancy with each 
increment of added metal. As indicated by the difference spectra 
(Fig. 5C), zincthionein exhibited an absorption band with a maxi- 
mum at 215 my. This spectrum was resistant to further precise 
evaluation due to spectrophotometric limitations. 

The spectral characteristics of the cadmium mercaptides of 
simple mercaptans, such as 2-mercaptoethanol or 2 ,3-dimercap- 
topropanol, are analogous to those of metallothionein, as evi- 
denced by the location and magnitude of the molar extinction 
coefficients of the characteristic, broad absorption bands. The 
difference spectra, shown in Fig. 5D, were obtained when either 
Cd*+* or Zn*+ ions were added to an excess of 2-mercaptoethanol; 
again the absorption maximum of the zinc complex was near 
215 my. The molar extinction coefficient of the cadmium mer- 
captoethanol complex at 250 my was approximately 1.5 x 104 
liter mole cm and was of the same order of magnitude as that 
of cadmiumthionein (see above). 

Sulfhydryl reagents reacting with metallothionein also altered 
the spectral characteristics of the protein. Alkylation of the 
—SH groups of thionein with N-ethylmaleimide prevented the 
restoration of absorption at 250 my by the addition of Cd** ions. 
When 3.3 x 10-4 m Cd*+* was added to 1 X 10-5 m thionein, pre- 
pared by dialysis against 1.3 x 10-* m EDTA, absorbancy at 250 
mu increased by 0.549; on addition of 1 x 10-* m N-ethylmale- 
imide there was a negligible absorbancy increase of 0.007. Stoi- 
chiometric amounts of Ag+, Hg++, and CMB abolished the 250 
mu band by displacing Cd+* (1). 

From their effects on the absorption spectra, Zn+*+ and Cd*++ 
ions seem to compete with each other for the metal-binding sites 
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of thionein. This was demonstrated by addition of equimolar 
concentrations of Cd** ions to native metallothionein which 
resulted in a further increase of the 250 my band due to replace- 
ment of zinc by cadmium. Conversely, the displacement of 
Cd** by Zn** ions abolished the absorption at 250 my (Fig. 6A). 
The strict dependence of these reversible changes on the Zn*+ 
ion concentration indicates that cadmium is bound approxi- 
mately 3000 times more firmly than zine. 

Similarly, hydrogen ions compete for the metal dieting sites 
of cadmiumthionein, as is apparent from Fig. 6B. The absorp- 
tion spectrum did not change between pH 11 and 4.5, but the 
maximum at 250 my decreased abruptly below pH 4.5, and at 
pH 2 the spectrum became identical to that of thionein. This 
spectrum was similar to that observed on removal of the metal 
by exposure to EDTA at pH 4.5. The original spectrum was 
restored when the pH was raised above pH 4.5. The loss of the 
absorption of the cadmium complex over such a short interval of 
pH suggests that more than one proton competes for each metal 
atom. Thestoichiometry may be calculated from the dependence 
of the spectra on pH (see, Fig. 6B). On the assumption that 
(a) cadmium is bound to equivalent and independent bind- 
ing sites; (b) each site is occupied by either one cadmium atom or 
n hydrogen atoms, and (c) the absorption coefficient at 250 mu 
(E250) of all cadmium mercaptide chromophores is identical, 7.e. 
1.45 X 104, it follows from mass-law considerations that 


=. A {H*]" 


in which the left side of the equation represents the ratio of the 
protonated binding sites to those occupied by cadmium. A is the 
absorbancy observed at a given pH, Amax is the maximal ab- 
sorbancy measured above pH 4.5, where all binding sites are 
occupied by cadmium, and Ayes is the residual absorbancy of 
thionein measured at or below pH 2. Kapp is the apparent equi- 
librium constant, [H*] is the hydrogen ion concentration calcu- 
lated from pH, n is the number of dissociable monovalent groups 
and [Cd...] is the concentration of free cadmium ions. In the 
absence of extraneous cadmium, all [Cd7;2.] must be due to the 
displacement of cadmium from the binding sites; it follows, there- 
fore, that [Cdj,<.] must be equal to the concentration of the pro- 
tonated binding sites: 


Ep 
Hence 
A)? 
‘i = KappE20lH*] (2) 


To solve for the unknowns, n and Kapp, [H*]" was plotted against 


(Anas. A)? 
(A Ares) 


for various values of n. Integral values were successively sub- 
stituted for n to determine the integer which resulted in a linear 
plot; when n = 3, a straight line is obtained, but not when 

2 3. From the slope of the line, the apparent equilibrium 
constant, K,»p, is 4.8 X 104 mM. The changes in absorbancy 
measured as a function of pH and those calculated from these 
constants are compared in Fig. 7. The experimental and calcu- 
lated curves are in very good agreement. 
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pH 
Fig. 7. Effect of pH on metallothionein absorbancy at 250 my. 
The experimental points (right ordinate (O)) were taken from 
experiments recorded in Fig.6B. The solid curve (——) was cal- 
culated from Equation 1, 
K {H*}8 Amax—A 


The function 


A = A res 


m 


has an infinite range from « to 0. For this figure the information 
in this function has been normalized to the range 0 to 1 (left ordi- 
nate) in the conventional manner by plotting m/(1 + m) as a func- 
tion of pH. Kapp = 4.8 X 10‘ was calculated as described under 
results. [Cds] was calculated from the decrease of absorption 
of cadmiumthionein using the molar extinction coefficient E29 = 
1.45 104 liter mole! em~ (Fig. 5). 


It may be concluded from these data that one atom of cadmium 
displaces three protons. This deduction was supported by the 
titration of protonated thionein in the presence of Cd++ ions at 
pH 7: three H*+ ions were released for each atom of cadmium 
bound. Thus, the addition of 1.8 x 10-7 g atoms of Cd++ to a 
1 xX 10~ solution of thionein in 0.0025 m sodium citrate, pH 
7.0, 23°, resulted in a release of 5.5 K 10-7 g atoms of H*, a 
ratio of H+:Cd++ = 2.9.3 


DISCUSSION 


The molecular weight of metallothionein is 10,000 + 260; an 
average of the values obtained from velocity sedimentation and 
diffusion measurements and the approach to equilibrium centrif- 
ugation. The small molecular weight accounts for losses on 
dialysis through membranes of large pore size. The partial spe- 
cific volume, 0.65 g~ ml, is unusually low, in part because of the 
high metal and sulfur contents. The removal of metal ions re- 
sulted in a partial specific volume of 0.69 for thionein, which is 
still low when compared to that of most proteins. 


5 When dialyzed against 0.1 m Tris buffer for 24 hours in Visking- 
Nojax dialysis casing, sizes 32/32 and 11/32, respectively, 40 and 
25% of metallothionein is lost. In contrast, more than 95% is 
retained in the size 24/32 casing used here. Losses through these 
permeable membranes could be prevented by heating them to 90° 
for 24 hours before use (17). This treatment, however, rendered 
the casings more susceptible to mechanical stress, increasing the 
frequency of leakage. 

Dr. Margaret Hunter, Department of Biochemistry, Harvard 
Medical School, kindly provided us with collodion tubing which 
was completely impermeable to metallothionein. 
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Moving boundary electrophoresis at pH 7 showed a mono- 
disperse boundary that was qualitatively similar to paper elec. 
trophoreses previously obtained on impure preparations (1), 
The isoelectric point of metallothionein is thought to be between 
pH 4.5 and 5.5 (1). The precise determination of the isoelectric 
point is complicated by the dissociation of metal ions as a fune- 
tion of pH and has been made the subject of a separate investi- 
gation. 

The elemental analysis of thionein reflects its unusual amino 
acid composition: thionein contains more sulfur than any other 
known protein. The sulfur content of the most highly purified 
preparation, 9.3% (Table II, Line III B) is almost as high as that 
of glutathione, 10.4%. 

The average nitrogen content of seven preparations of metal- 
lothionein was 13.2% (1). In the most highly purified prepara- 
tion obtained here, it is 14.9% (Table IT, Line III A). This is 
low when compared to other proteins; as shown in Line III B, 
however, this may be attributed to the large contribution of met- 
als to the dry weight because after correction for the metal con- 
tent the nitrogen content of thionein is 16.4%. 

Approximately one of every three or four amino acids in this 
small protein molecule is a cysteine residue. The number of 
proline, serine, and lysine residues are next, in that order of 
abundance, although precise quantitative data are not as yet 
available. The absence of tyrosine and tryptophan accounts for 
the lack of absorption at 280 muy (1). 

DEAE-cellulose column chromatography produces significant 
purification of metallothionein, as evidenced by a marked in- 
crease of the ratios of cadmium and zinc to protein. In the most 
highly purified preparations both ratios are doubled over those 
of the starting material, z.e. 5.2 g atoms of cadmium, 3. 3 g atoms 
of zine, yielding a total of 8.5 g atoms of metal based on a molecu- 
lar weight of 10,000. In the same preparation there are three 
titratable —SH groups for each g atom of metal per mole of pro- 
tein (Table II, Line III A). The concentrations of iron and 
copper increase with purification; although they account for 
less than 5% of the total metal content (Table II, Columns 2 and 
3), the possibility that they play a functional or structural role 
in this protein is under study. 

The differential reactivity of metallothionein toward mercap- 
tide-forming agents and N-ethylmaleimide (Table III) consti- 
tutes indirect evidence that metal ions are bound to mercapto 
groups. Ag* and CMB form highly stable mercaptides by re- 
acting with the mercaptide anion through displacement of hy- 
drogen or other cations (1); thus, these reagents react immedi- 
ately. N-Ethylmaleimide, however, requires the presence of a 
protonated mercapto group for addition to the reactive double 
bond. The lack of instantaneous reaction between N-ethyl- 
maleimide and metallothionein implies that the sulfhydry] groups 
of the protein form complexes in mercaptide linkages. 

The chromophoric cadmium mercaptide provides a simple and 
convenient measure of protein concentration and purity. There 
is excellent correlation between the number of silver-titratable 
mercapto groups with the concentration of cadmium, the ab- 
sorption at 250 mu, and the concentration of zinc, all measured 
independently during fractionation. In fact, the ratio of the 
number of mercapto groups to the molar sum of both metals, 
—SH:(Cd + Zn), is a measure of the stoichiometry of the metals 
to thionein. This ratio is 3:1, identical to that observed pre- 
viously (1). It is virtually constant in three successive prepara- 
tions of the native protein and does not alter significantly in fully 
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reconstituted cadmium- or zincthionein prepared by equilibrium 
dialysis (Table II, Column 9). 

Several findings support the previous suggestion (1, 18, 19) 
that cadmium and zine compete for the same binding site and 
may be isomorphic in metallothionein. Although the sum of 
their concentrations in the native protein is constant, the two 
metals replace one another when metallothionein is dialyzed 
against Cd**+ on Zn** ions, resulting in cadmiumthionein and 
zincthionein, respectively. 

The linear increase in absorbancy as a function of Cd** con- 
centration demonstrates the equivalence of the cadmium chromo- 
phore (Fig. 5B). The absorption at 250 my is the most con- 
venient index of sulfur and cadmium content and, therefore, of 
the purity of metallothionein. The measurement of this pa- 
rameter greatly simplifies the purification procedure; correlation 
with metal analysis has been uniformly excellent (Fig. 2). 

The absence of an absorption maximum at 280 my provides 
an additional criterion of purity. The ratio of the absorbancy 
Esso: E20 reaches a constant value of 18 in all preparations, 
homogeneous by physicochemical criteria. The residual ab- 
sorption at 280 my is a consequence of the broad absorption 
band of the cadmium mercaptide chromophore. In the spectrum 
of thionein, of course, specific absorption at 280 or 250 my is 
absent (Fig. 5A). 

The magnitude of the molar extinction coefficient and the 
wave length of the absorption maximum of the cadmium chromo- 
phore of metallothionein are similar to those observed for cad- 
mium mercaptides of 2-mercaptoethanol or 2 ,3-dimercaptoetha- 
nol (Fig. 5D). The absorption bands of the cadmium complexes 
of cysteine and glutathione are shifted to such very short wave 
lengths that the maxima are not accessible to measurement due 
to instrumental limitations. The vicinal amino and carboxyl 
groups of these compounds, absent in the peptide chain of metal- 
lothionein, may be responsible for the spectral shift. The cad- 
mium mercaptides of unsubstituted alkyl mercaptans, such as 
isobutyl-, and hexylmercaptans are characterized by bands hav- 
ing an absorption maximum near 270 mz.® 

Mercaptoethanol forms a 2:1 or 3:1 complex with cadmium, 
as judged by the method of varying molar proportions. The 
absorption at 250 muy is observed only in the presence of excess 
mercaptoethanol. Excess [Cd**], resulting in the formation of 
the 1:1 complex, shifts the absorption to shorter wave lengths.® 
This shift of the band as a function of the filling of the coordina- 
tion sphere of cadmium, the magnitude of the molar absorbancy 
coefficients, and the spectral location and width of the zine and 
cadmium bands all strongly suggest that this is a charge-trans- 
fer complex. The charge-transfer spectra of CdI, and ZnlI, 
have similar characteristics (20). Analogous properties of com- 
plexes of thioglycolate with transition elements and zinc have 
also been demonstrated (21). 

Further insight into the mode of binding of cadmium and zinc 
to thionein were gained from the study of hydrogen and metal 
ion competition. In the formulation of hydrogen and metal ion 
equilibria, electrostatic and cooperative effects have been disre- 
garded inasmuch as a 10-fold increase in ionic strength from 0.01 
to 0.1 does not affect the shape of the photometric pH curve 
shown in Fig. 7. All binding sites have been considered to be 
equivalent and independent of each other. 

The dissociation of Cd+* ions is postulated to take place in a 
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one-step reaction, an assumption based, in part, on the very 
narrow interval of pH over which displacement occurs and also on 
the absence of qualitative spectral changes. The experimental 
photometric curve, described by the single equilibrium of Equa- 
tion 1, coincides closely with that calculated on the hypothesis 
that three H+ ions compete simultaneously with each cadmium 
ion (Fig. 7). Moreover, three —SH groups are titrated and 
three hydrogen ions are displaced for each Cd++ or Zn*++ atom 
bound.’ Because a 3:1 complex of this type may be considered 
unusual, it is germane to point out that interactions of three or 
four —SH groups of 2,3-dimercaptopropanol with Zn++ and 
Mn** ions giving rise to negatively charged complexes have been 
described (22). A similar, negatively charged complex may 
well exist in metallothionein. 

The cadmium complexes with mercaptans are more stable 
than are those of zinc (23). The similarities in the reactions of 
metallothionein te those of simple —SH ligands with cadmium 
and zine are apparent in the concentrational preponderance of 
cadmium over zinc, the excess of zinc ions necessary to replace 
cadmium bound to thionein by equilibrium dialysis and the dif- 
ference in the concentration of H+ ions required to displace each 
(1). From such data, the association constants have been esti- 
mated to be Keca ~ 10 M and Kez. ~ 10" M assuming the ions 
to bind to two —SH groups (1). Thus, the stepwise constants 
would be kica = 1085 M and kizn = 10’ M, values quite similar 
to those quoted for monodentate ligands (23). If any potential 
differences between monodentate ligands and this polythiol are 
disregarded, the cumulative association constants of the 3:1 
complexes would be Ksca = 10°°* and Kazn = 107. 

The large number of cysteine residues in the primary structure 
of thionein must condition its conformation. Moreover, the ar- 
rangement of three —SH groups to give a steric relationship 
which permits the coordination of one cadmium or zine atom, 
severely restricts and circumscribes the number of possible con- 
formational states by limiting the number of degrees of freedom 
of the molecule. The data on cysteine and metal composition 
disallows a large number of possible structures of this protein, 
focusing on those that are probable. In this regard, optical rota- 
tory dispersion data indicate an ordered structure as prerequisite 
to metal binding.’ 

It follows that the conformation of thionein, its component 
cysteine residues, and the resultant steric organization of the 
free —SH groups apparently determine both the remarkable 
avidity of this protein for cadmium and the compositional pre- 
ponderance of this metal over that of zine in the native material. 
These unique interrelationships differentiate the binding of 
cadmium by metallothionein from that observed with other 
macromolecules that do not contain this element in the native 
state (23, 24). 


SUMMARY 


The molecular weight of metallothionein obtained from equine 
renal cortex is 10,000 + 260, the diffusion constant, Doo,,, is 12.42 
+ 0.07 x 10~’, the partial specific volume, V, is 0.648 ml per g 
and the frictional ratio, f:fo, is 1.28. The most highly purified 
preparation, homogeneous by ultracentrifugation and electro- 
phoresis, contains 5.9% Cd, 2.2% Zn, 0.2% Fe, and 0.1% Cu. 
The metal-free protein, thionein, contains 16.3% N and 9.3% S. 
Ninety-five per cent of all sulfur is present in the form of sulf- 
hydryl groups of cysteine; moreover, cysteine accounts for one 
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of every three to four amino acid residues. Metallothionein is 
formed through the interaction of one atom of cadmium or zinc 
with three sulfhydryl groups. The characteristic charge-transfer 
band, absorbing maximally at 250 my, is due to the cadmium 
mercaptide and serves as a criterion of purity. It is absent in 
thionein, the metal-free protein. A similar band at 215 my is 
apparently due to the zinc mercaptide. Aromatic amino acids 
are absent with the possible exception of one residue of phenyl- 
alanine; hence there is no absorption of radiation at 280 mu. 
The conformation of thionein, its component cysteine residues 
and the resultant steric organization of the free sulfhydryl groups 
disallow a large number of possible structures of this protein and 
are thought to determine both the remarkable avidity of this 
protein for cadmium and the preponderance of the concentration 
of this metal ion over that of zinc. 


Acknowledgment—We are indebted to Dr. R. J. P. Williams, 
Wadham College, Oxford, England, for valuable discussions. 
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An analytical procedure for the resolution of trypsin and its 
derivatives would be useful in searching for active degradation 
products in tryptic autolysates as well as for other studies of the 
reactions of trypsin. Analytical procedures are frequently frus- 
trated when applied to this enzyme because of the autolysis 
which occurs during the analysis. For this reason some previous 
analyses have been carried out on trypsin which had been sta- 
bilized by the conversion of the enzyme to acetyl trypsin (1). 
For preventing autolysis a more direct method, which would 
avoid complex side reactions which occur during acetylation (2) 
and which would allow the measurement of enzymic activity, 
might be based on the reversible inactivation of trypsin by urea 
(3). In general any resolving system, for example electrophoresis 
or chromatography, which maintained the trypsin in concen- 
trated urea could give an analysis uncomplicated by autolysis 
and, upon dilution or removal of the urea, assays could be made 
of various fractions. This report describes the development of 
a technique for the chromatography of trypsin, in which autolysis 
is prevented by using urea in the eluting buffer. 


EXPERIMENTAL PROCEDURE 


The trypsin used was twice crystallized and salt-free as ob- 
tained from Worthington Biochemical Corporation, Freehold, 
New Jersey. All lots (TRSF 684-97B, TRSF 685, 815/18) gave 
similar chromatograms and possessed a specific activity of about 
0.23 mmole of TAME! hydrolysed per minute per mg of protein 
under the following conditions. 

Enzyme solution (2 to 10 ul) was added to 2.0 ml of 5 mm 
TAME and the hydrolysis at 25° was followed by maintaining 
pH 8.0 with 0.1 m NaOH with the use of an autotitrator. The 
specific activity of these preparations measured by the benzoyl 
arginine ethyl ester method of Schwert and Takenaka (4) at 25° 
is about 19 as defined by Liener (5). The apparent chymotryp- 
tie activity of these preparations was 1.5% as measured by the 
rate of hydrolysis of ATEE under the conditions of Harris and 
Hartley (6). In addition to these methods, proteolytic activity 
was estimated by the hemoglobin assay (7). 

Both the trypsinogen, a once crystallized, 50% MgSO, prepa- 
ration (TG 695A), and the chymotrypsin, a crystalline prepara- 
tion (CD 5602), were obtained from Worthington Biochemical 
Corporation. 

The operation of the ion exchange columns has already been 
described (8). Chromatography was carried out on 0.9- x 22-cm 
columns in 0.13 m phosphate-8 urea at pH 6.1, and the colori- 
metric analysis of the effluent fractions was performed according 
to the procedure of Lowry, Rosebrough, Farr, and Randall (9). 


‘The abbreviations used are: TAME, p-toluenesulfony] argi- 
tine methyl ester; ATEE, acetyl tyrosine ethyl ester. 


RESULTS 


Preliminary experiments (see also (10)) revealed that, even in 
8 M urea, autolysis at room temperature was severe enough to 
inactivate trypsin appreciably in overnight experiments with the 
result that the chromatograms were very complex. By perform- 
ing the chromatography at 3 to 5°, however, the trypsin did not 
autolyse in 8 M urea, and satisfactory chromatograms were ob- 
tained. Therefore, the chromatography of trypsin on Amberlite 
IRC-50 was performed at 3 to 5° with a pH 6.1 buffer of 0.13 m 
phosphate-8 M urea and gave the chromatogram shown in Fig. 1. 
That the minor peaks did not arise as chromatographic artifacts 
was shown by rechromatographing material from the main peak; 
the results are given in Fig. 2. The recovery of protein (meas- 
ured colorimetrically) and of activity were tested and found to 
be quantitative, and so it appears that the trypsin used is about 
77% pure. Further support for this estimate of purity is the 
observation that the specific activity of the main peak measured 
by either the hemoglobin assay or the TAME assay was 23 + 4% 
greater than the starting material. 

The assay of a chymotryptic activity (measured by the hy- 
drolysis of ATEE) throughout the chromatogram showed a 
single peak of this activity which exactly coincided with the 
tryptic activity. That the peak of chymotryptic-like activity 
did not represent chymotrypsin itself was proved by determining 
that chymotrypsin was essentially unretained by the column. 
The rate at which chromatographically pure trypsin hydrolyses 
ATEE (2.2 umoles hydrolysed per minute per mg of trypsin) is 
about 0.7% of the rate at which it hydrolyses TAME (0.28 
mmole per minute per mg of trypsin) and about half of the rate 
at which the starting preparation of trypsin hydrolyses the tyro- 
sine ester. 

In order to obtain the results described above it was necessary 
to dissolve trypsin at 3 to 5°. When the temperature was not 
carefully controlled during dissolution a much more complex 
chromatogram was obtained. Contrast the simple chromato- 
gram (Fig. 1) obtained after dissolving trypsin at a carefully 
controlled temperature of 3 to 5° with the chromatogram pre- 
sented in Fig. 3 which was obtained by dissolving trypsin in a 
warm test tube (25°); in both cases the trypsin was dissolved in 
cold (3 to 5°) buffer, in the cold room, and applied immediately 
(1 to 2 minutes) to a cold column of resin and eluted at 3 to 5°. 
Such partially degraded trypsin yielded two new major peaks, 
both of which were inactive when assayed in the hemoglobin 
assay and in the TAME assay, whereas the center peak was 
found to possess a specific enzymic activity equal to the main 
peak of chromatograms of unmodified trypsin (Fig. 1). The 
immediate assay of an aliquot of the solution applied to the col- 
umn compared with the assay of the effluent indicated that no 
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Fig. 1. Chromatogram of crystalline trypsin 
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Fig. 2. The rechromatography of material from the main peak 
of a previous chromatogram (e.g. Fig. 1). - 


inactivation occurred while the enzyme was passing through the 
column. Furthermore, at 3 to 5° in the dilute effluent collected, 
the trypsin is stable for at least several days. The patterns ob- 
tained by rechromatography of material from each of the main 
inactive peaks indicated that these are stable materials, each 
appearing as a single peak in its original position on the chro- 
matogram. The conclusion may be drawn from these data that 
trypsin is severely inactivated as it is dissolving in an inade- 
quately chilled solution of 8 M urea, but that after it is applied 
to the column further inactivation is negligible. This conclu- 
sion was confirmed by measuring the rate of inactivation when 
trypsin was dissolved under conditions similar to those used in 
obtaining the chromatogram of Fig. 3 and then chilled as soon 
as dissolution was complete (1 to 2 minutes). The results of 
this test showed an initial loss of activity followed by negligible 
inactivation (at 3 to 5°). In the case of trypsin dissolved in 
rigorously chilled solution, the rapid inactivation is not observed. 
(It must be pointed out that the above test was performed on 
solutions of trypsin which were at least 10 times as concentrated 
as the effluent fractions from most columns.) These results are 
in agreement with those of Riordan, Bier, and Nord (10). 

The distribution of tryptic activity in a slightly degraded 
sample of trypsin is given in Fig. 4 and reveals the presence of 
more than one active peak. That none of these peaks was caused 
by trypsinogen (rapidly activated during assay) was established 
by finding that an authentic sample of trypsinogen was hardly 
retained on this column and coincided with the minor inactive 
peak shown in Fig. 4 at 12 to 17 ml. 
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Fig. 4. Chromatogram of partially degraded trypsin showing 
distribution of tryptic activity. The closed circles and solid line 
refer to the amount of protein in each fraction (1 ml) expressed 
as the milligrams of trypsin which would give color equal to that 
observed in the analysis of the fraction. The open circles and 
broken line refer to the tryptic activity which is expressed as 10 
times the micromoles of TAME hydrolysed per minute per ul of 
effluent fraction assayed under the conditions described in ‘Ex- 
perimental Procedure.”’ 


DISCUSSION 


Two aspects of the homogeneity of trypsin may be considered: 
first, the fraction of a given preparation which is trypsin and, 
second, the amount of contaminating activities present in the 
preparation. The first aspect has already been considered by 
Perrone, Disitzler, and Domont (11) who found crystalline tryp- 
sin to be 80% homogeneous electrophoretically and by Liener 
(5) whose data (published while the present work was in progress) 
indicated a purity of 50 to 65%. The present data confirm the 
estimates of Perrone et al. in showing a main active component 
of about 77 % of the starting material. The discrepancy between 
these results and Liener’s may be caused by the fact that the 
starting material used by Liener appears to be somewhat les 
active than the preparations used here. 

The second aspect of the purity of trypsin is important for its 
use in studying protein structure. In releasing peptides from 4 
protein by proteolysis in order to study primary structure, it is 
critical that the trypsin be pure in order to avoid nonspecific 
bond cleavage. This is important not only to obtain optimal 
yields of the peptides but also to assure the validity of the a 


2444 
: sum} 
| the ¢ 
: 0.75 
a struc 
tryps 
howe 
¥. whic 
02 also 
itself 
activ 
Se. trypt 
seem 
syste 
4 it pe 
bg tivit 
Fade 
at 
H the s 
a2 R droly 
‘be Thes 
estin 
: 
solve 
some 
volu’ 
appe 
parti 
were 
no 
tion 
parti 


5 


fe) 
uo 
TRYPTIC ACTIVITY 


showing 
solid line 
>xpressed 
il to that 
reles and 
sed as 10 
per ul of 
1 in “Ex- 


sidered: 
psin and, 
nt in the 
idered by 
line tryp- 
by Liener 
progress) 
mfirm the 
omponent 
y between 
t that the 
»what. less 


ant for its 
les from 8 
eture, it is 
ronspecific 
in. optimal 
of the as 


September 1961 R. D. Cole and J. 


sumption (e.g. 12) that basic residues in these peptides occur at 
the carboxyl ends. The method suggested by Harrington, Von 
Hippel, and Mihalyi (13) for the study of protein secondary 
structure also depends on the rigorous specificity of the protease. 
This aspect of the purity of trypsin demands, therefore, that 
trypsin be free of other proteolytic activities. The present work, 
however, proved that there was a chymotryptic-like activity 
which was not only distinct from the usual chymotrypsin, but 
also was probably an inherent property of the trypsin molecule 
itself since the ability to hydrolyse ATEE paralleled the tryptic 
activity. The chymotryptic-like activity which coincided with 
the tryptic peak accounted for about half of the total chymo- 
tryptic-like activity found in the starting material, and so it 
seems likely that there was also some normal chymotrypsin in 
these preparations of trypsin and that the chromatographic 
system accomplished all the purification possible. These find- 
ings are similar to those of Liener (5) who has prepared chro- 
matographically pure trypsinogen, and found that on activation 
it possessed the ability to catalyze the hydrolysis of ATEE. 
Further support for the notion that this chymotryptic-like ac- 
tivity is not caused by chymotrypsin itself is the finding of Mc- 
Fadden and Laskowski (14) that the specificity of the ‘““chymo- 
tryptic-like” activity is not like that of chymotrypsin. Perhaps 
the strongest proof of the ability of trypsin to catalyze the hy- 
drolysis of ATEE is the work of Inagami and Sturtevant (15). 
These workers have found that under optimal conditions trypsin 
hydrolyzes ATEE one-twelfth as fast as does a-chymotrypsin 
although the contamination of trypsin by a-chymotrypsin was 
estimated to be less than 1%. 

The chromatographic system developed here was able to re- 
solve trypsin and some of its derivatives, since trypsinogen and 
some inactive products were found to have different elution 
volumes from trypsin itself. The resolving power of this system 
appears to be greater than that of Liener (5), and, indeed, in the 
partially inactivated trypsin, active modifications of trypsin 
were well resolved from the main peak of the enzyme. Although 
no conclusion can yet be reached on the nature of the inactiva- 
tion process or the extent of degradation represented by these 
particular active products, it seems likely that this chromato- 
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graphic system will prove useful for isolating active fragments of 
trypsin if they exist, and those peaks showing a higher specific 
activity than the main peak are being studied now. 


SUMMARY 


Crystalline trypsin has been submitted to chromatography on 
Amberlite IRC-50 resin at 3 to 5°, eluting with 0.13 m phos- 
phate-8 m urea buffer of pH 6.1. The trypsin preparations used 
were about 77% homogeneous, and the main peak possessed a 
specific activity 23 + 4% greater than the starting material. 

A weak chymotryptic-like activity, the catalysis of the hy- 
drolysis of acetyl tryosine ethyl ester, paralleled the tryptic 
activity and was shown not to be caused by chymotrypsin itself. 

Trypsin is easily degraded upon dissolving in slightly warm 
8 M urea solution and yields chromatograms which show three or 
more active peaks. 
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The kinetics of enzymatic reactions are usually interpreted in 
terms of the Michaelis-Menton (1) reaction scheme which postu- 
lates formation of an intermediate enzyme-substrate complex. 
Although the concept of an enzyme-substrate complex has long 
been of great importance to our understanding of enzymatic 
reactions, only in relatively recent times has the existence of 
such a complex been directly demonstrated for any enzyme and 
then only with low molecular weight substrates. Thus, Keilin 
and Mann (2), Stern (3), and Chance (4) have spectrophoto- 
metrically shown the existence of complexes of peroxides with 
catalase and peroxidases, and Doherty and Vaslow (5) have used 
the method of dialysis equilibrium to show a complex between 
acetyl-3 ,5-dibromo-.-tyrosine and chymotrypsin. This com- 
munication describes an electrophoretic demonstration of a com- 
plex between bovine serum albumin and pepsin during the course 
of the enzymatic hydrolysis of the former. Several independent 
lines of evidence are presented that this complex is the specific 
Michaelis-Menten complex capable of being activated to give 
rise to reaction products. 


EXPERIMENTAL PROCEDURE 


Three different preparations of crystalline pepsin, Pentex Lot 
3710, 22Z2, and 22Z3, had the same electrophoretic mobilities, 
within experimental error, and interacted to the same extent with 
a given preparation of BSA.!_ Three different preparations of 
crystalline BSA, Pentex Lot 1207 and 9F07 and Armour Lot 
V68802, had the same mobilities but interacted to different 
extents with a given pepsin preparation. Crystalline ovalbumin 
was prepared by the method of Sorensen and Hgyrup (6). A 
peptic digest of Pentex BSA Lot 9F07 was prepared by incubat- 
ing a solution of 1% BSA and 0.01% pepsin in 0.1 m formic acid 
at 45° for 2hours. After the pH was adjusted to a value of 5.35 
with NH,OH, the solution was lyophilized and all but a trace 
of the ammonium formate removed from the dried digest under 
reduced pressure with the aid of a cold finger and a heat lamp. 
The carbobenzoxy-a-L-glutamyl-L-tyrosine was Mann’s chro- 
matographically pure material. Electrophoretic analyses were 
carried out at a field strength of 5 to 6 volts em with the Per- 
kin-Elmer Tiselius electrophoresis apparatus or the Spinco model 
H_ diffusion-electrophoresis apparatus, the patterns obtained 


* Contribution No. 104, supported in part by research grant No. 
E-1482(C8) from the National Institute of Allergy and Infectious 
Diseases of the National Institutes of Health, United States 
Public Health Service; and in part by the Damon Runyon Fund 
and The American Cancer Society. 

1 The abbreviation used is: BSA, bovine serum albumin. 


with the latter apparatus being used for computation of equilib. 
rium constants. Solutions of pepsin and BSA prepared by dis. 
solving protein in cold phosphate buffer, pH 5.35, and appropriate 
ionic strength, were dialyzed separately against the same buffer 
for 17 to 24 hours at 4°, analyzed spectrophotometrically at 280) 
A, and cooled to 0° before mixing. The final reaction mixture 
was at pH 5.35. In experiments with the peptic digest, a solv- 
tion of the digest in pH 5.35 buffer was mixed at room tem- 
perature with dialyzed pepsin solution; the digest-pepsin mixture 
was immediately chilled to 0° and then mixed with dialyzed 
albumin solution at 0°. A similar procedure was used with 
carbobenzoxy-a-L-glutamy]-L-tyrosine except that the dipeptide 
was dissolved in ionic strength 0.1 phosphate buffer, pH 6.84, 
and the pepsin and albumin were equilibrated by dialysis against 
0.104 ionic strength buffer, pH 5.31. The final mixture was 
ionic strength 0.1 and pH 5.35. The Tiselius cell and buffer 
vessels were assembled and filled in a cold room at 4°. Mobil- 
ities, em? volt“! sec! and apparent mobilities are 
shown above or beside the corresponding peaks in some of the 
patterns presented in the various figures. 

The rate of peptic digestion was followed by determining the 
rate of production of trichloroacetic acid-soluble material at 0. 
Aliquots of the buffered reaction mixture containing 1% pepsin, 
and from 0.35 to 3.56% BSA were mixed with the appropriate 
volume of cold 20% trichloroacetic acid; the precipitate was 
removed by centrifugation. The optical density of the super 
natant was determined at 2800 A with an appropriate blank 
solution. Values of the Michaelis-Menten constant, Kin, wer 
obtained by the method of Lineweaver and Burk (7). 

Molecular weights of 35,000 and 70,000 were assumed for 
pepsin and BSA, respectively. 


INTERPRETATION OF ELECTROPHORETIC PATTERNS 


Free electrophoresis of a mixture of two noninteracting pr- 
teins of different electrophoretic mobilities gives rise to a pail 
of moving boundary systems such as shown in Fig. 6. Adopting 
the notation of Longsworth (8), the system represented by the 
rising pattern is 
Nat, HPO,", H:PO,, O (a)::Nat, HPO,-, H2PO,, E£, 

O(b) — Na*, HPO,-, H-PO., E(c) Nat, HPO.-, H2PO,(d) 
and for the descending pattern 

Nat, HPO,-, H2PO,- (5)::Na+, HPO", HePOs (7) Na’, 
HPO,-, H:PO,-, O (8) Nat, HPO.-, H.PO-, E, O (e) 
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in which EZ indicates pepsin and O, ovalbumin. (As will be 
shown below, pepsin does not digest ovalbumin under the con- 
ditions of this experiment.) The leading descending boundary 
that separates the a- and B-solutions corresponds to pepsin; its 
displacement during passage of the current can be used to com- 
pute the true electrophoretic mobility of pepsin from the con- 
ductance of the a-solution, 7.e. the dialyzed protein solution. 
The leading rising boundary also corresponds to pepsin, but its 
displacement gives only an apparent mobility unless the con- 
ductance of the c-solution is available. Likewise, the displace- 
ments of the By- and cb-boundaries give only apparent mobilities 
for ovalbumin if the conductance of the dialyzed protein solu- 
tion, rather than the conductance of the B- and b-solutions, is 
used in the computations. The concentration boundaries sep- 
arating the y- and 6-solutions and the b- and a-solutions remain 
near the level of the initial boundary in the Tiselius cell and are 
conventionally referred to as the e- and 6-boundaries, respect- 
ively. 

The electrophoretic behavior of a mixture of interacting pro- 
teins departs markedly from that described above (8-10). Let 
us consider the reversible enzyme-protein substrate interaction, 
E + S = ES, in which the enzyme, FE, has a greater mobility 
than the substrate, S, and HS has an intermediate mobility. 
For sufficiently slow rate of breakdown of ES into the enzyme 
and the final products of reaction and sufficiently large rates of 
establishment of equilibrium, the rising system of boundaries is 
Nat, HPO", , EZ, S, ES(a)::Nat*, 

HPO,-, H2P0O,-, E, S, ES(b) Nat, HPO,-, H:PO,; E(c) 

Nat, HPO,", (d) 
and the descending, 
Nat, HPO.", H2PO, (6)::Na*, HPO.", HePO« (7) > 
Nat, HPO,-, H.P0O,, E, S, ES (a) 
The leading descending boundary no longer corresponds to E 
but rather is a reaction boundary in which the equilibrium is ad- 
justed as rapidly as required by electrophoretic separation. 
Consequently, the boundary is skewed, and the displacement of 
its centroid gives the constituent mobility of the enzyme in the 
a-solution, ig, i.e. the weighted average mobility of uncom- 
bined and combined enzyme in the equilibrium mixture. The 
slow moving rising boundary is also a reaction boundary the 
mean displacement of which gives the apparent constituent 
mobility of the substrate. If the interaction is sufficiently 
strong, this boundary will be bimodal (8, 10) as is the case with 
pepsin-BSA interaction, e.g. Fig. 14. In contrast to the re- 
action boundaries, which are indicated by brackets in the pat- 
terns presented below, the slow moving descending boundary 
and the leading rising one correspond to uncombined substrate 
and uncombined enzyme, respectively. It is important to note 
that the area enclosed by the leading rising boundary is less 
than that of the leading descending one. Following the pro- 
cedure of Longsworth (8), the patterns can be interpreted quan- 


titatively in terms of the dissociation constant, K, of the enzyme- 
substrate complex: 


K= mEmg — mE + 
Més me — mE 
(1) 
me = (me + — mg) 
E — us 
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in which m% and mf are the molar concentrations of uncom- 
bined enzyme and uncombined substrate in the a-solution; 
ms, the concentration of ES; mg, the constituent concentra- 
tion of enzyme, i.e. the total concentration of this constituent, 
combined and uncombined; and mf, the constituent concentra- 
tion of the substrate. The concentration of S in the B-solution, 
mi, can be obtained from the area of the By-boundary. The 
mobilities of uncombined enzyme and uncombined substrate in 
the a-solution, u% and uf, are taken as the mobilities of EZ and 
S in solutions of the pure constituents. This treatment of the 
patterns assumes that the concentration of S in the 6-solution 
is the same as in the a-solution. Actually, the theory of Gilbert 
and Jenkins (10) predicts a change in concentration of S across 
the a6-boundary. 


RESULTS AND DISCUSSION 


Inspection of the kinetics of peptic digestion of BSA suggests 
that, for an equimolar mixture of pepsin and BSA at a total 
protein concentration of 1 to 2%, a large proportion of the un- 
hydrolyzed substrate in the reacting mixture must at any time 
be combined with enzyme in the Michaelis-Menten complex. 
Thus, if the value (11) of Km is considered as approximately 
equal to that of the equilibrium constant for dissociation of the 
complex, one calculates that as much as 75% of the substrate 
may be combined with enzyme during early stages of digestion. 
In that event, it should be possible to detect the complex by a 
physical method such as moving boundary electrophoresis and, 
in fact, electrophoresis of such mixtures at pH 5.35, ionic strength 
0.1, reveals from 30 to 50% of the substrate in the form of en- 
zyme-substrate complex, which is in reasonable agreement with 
the calculated amount considering the complexities of proteolysis. 
The choice of pH 5.35 was dictated by two considerations. The 
pH must be sufficiently high to minimize the rate of digestion 
but not so high as to cause denaturation of pepsin (12). Pre- 
liminary experiments designed to characterize the system at this 
pH are presented in Fig. 1. The electrophoretic patterns ob- 
tained as soon as possible (25 minutes) after mixing the pepsin 
and BSA are typical of strongly interacting mixtures of macro- 
molecular ions: (a) the apparent mobilities of the leading rising 
boundary and the slow moving descending one are those expected 
of uncombined pepsin and uncombined BSA, respectively; (6) 
the constituent mobility of the pepsin is almost two mobility 
units lower than the mobility of uncombined pepsin; (c) the 
area enclosed by the rising pepsin boundary is only about one- 
half that of the descending reaction boundary; and (d) the rising 
reaction boundary is bimodal. On dialysis of the reaction mix- 
ture against buffer at 0° for varying length of time before elec- 
trophoretic analysis, the area of the descending albumin bound- 
ary decreases at a rate corresponding to a half-time greater than 
10 hours, which shows that proteolysis has a negligible effect on 
the patterns obtained immediately after mixing the enzyme and 
substrate. (This conclusion is supported by measurements on 
the rate of peptic production of trichloroacetic acid-soluble 
material from BSA, which show that under the conditions of the 
electrophoretic experiments, about 1% of the BSA is digested 
in 1 hour.) Furthermore, the constituent mobility of pepsin 
increases continuously as proteolysis progresses, until by 72 
hours it is equal to the mobility of uncombined pepsin. Also, 
by this time the areas of the leading rising and descending bound- 
aries have become about equal. It is concluded, therefore, that 


by 72 hours proteolysis is essentially complete and there is no 
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Fig. 1. Electrophoretic patterns of a mixture of 1% pepsin and 
1% Pentex BSA Lot 1207, pH 5.35 and ionic strength 0.1, at various 
times after mixing: A, electric field applied 25 minutes after mix- 
ing; B, after 5 hours of dialysis against buffer at 0°; C, after 24 
hours of dialysis; D, after 72 hours of dialysis. Time of electro- 
phoresis, 90 minutes. The descending mobilities of pepsin and 
BSA in solutions of pure constituents are —9.42 + 0.05 * 1075 
cm? sec~! volt“! and —2.85 + 0.03 X 10-5, respectively; and the 
apparent rising mobilities, —9.68 + 0.02 K 10-5 and —2.99 + 
0.02 10-°. 


significant interaction between the enzyme and the remaining, 
undialyzable digestion products. 

Further evidence for complex formation between pepsin and 
BSA is afforded by the variation of the constituent mobility of 
pepsin with the ratio of pepsin to BSA at constant protein con- 
centration. At a sufficiently low ratio, a very large proportion 
of the pepsin should be combined with BSA and the constituent 
mobility of pepsin should be approximately equal to the average 
of the mobilities of uncombined pepsin and uncombined albumin. 
As the ratio is increased, the constituent mobility of pepsin 
should also increase until at a sufficiently high ratio, where only 
a small fraction of the enzyme is combined with BSA, it becomes 
only slightly less than the mobility of uncombined pepsin. As 
shown in Figs. 2 and LA, this is an accurate description of the 
actual situation. 


Specific Pepsin-Albumin Complex 
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The bimodality of the rising reaction boundary in the patterns 
obtained at low and moderate ratios of pepsin to BSA (Figs, 
1A, 2, and 3A, B, and C) indicates that a single type of pepsin- 
BSA complex predominates under these conditions. (At the 
lower ratios resolution of the reaction boundary into two peaks 
required a longer than usual time of electrophoresis.) The 
simplifying assumption is made that the faster migrating peak 
in the reaction boundary, 7.e. the M-peak, is a qualitatively rep. 
resentation of the complex. Although the areas and migration 
velocities of the peaks in a reaction boundary cannot be identi- 
fied in the conventional manner with the concentrations and 
mobilities of components in the solution (10), it is our experience 
that the relative area of the ./-peak is a qualitative index of the 
extent of binding of BSA by pepsin. Increasing the ratio of 
pepsin to BSA results in the appearance of two additional peaks 
in the reaction boundary, the m- and n-peaks, which migrate 
more rapidly than the W-peak and which predominate over the 
latter at the highest ratio examined. The presence of several 
maxima in the reaction boundary at the higher ratios indicates 
the existence of several different types of complexes under these 
conditions. The various patterns, except for those obtained at 
the highest ratio, have been interpreted quantitatively in terms 
of the equilibrium constant for dissociation of the enzyme-sub- 
strate complex. The computations of K with the aid of Equa- 
tion 1, which are summarized in Table I, Section A, assume that 


A 
B 
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Fic. 2. Electrophoretic patterns of mixtures of pepsin and 
Pentex BSA Lot 1207, pH 5.35, and ionic strength 0.1, at different 
ratios of pepsin to BSA: A, 0.33% pepsin + 1.67% BSA; B, 0.5% 
pepsin + 1.5% BSA; C, 1.5% pepsin + 0.5% BSA. See Fig. 14 
for 1% pepsin + 1% BSA. Electric field applied 25 minutes after 
mixing. Time of electrophoresis, 90 minutes. 
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Rising 

Fic. 3. Rising electrophoretic patterns of mixtures of pepsin 
and Pentex BSA Lot 1207, pH 5.35: A, 0.297% pepsin + 1.538% 
BSA, ionic strength 0.1, after 250 minutes of electrophoresis; B, 
0.497% pepsin + 1.36% BSA, ionic strength 0.1, after 191 minutes 
of electrophoresis; C, 0.890% pepsin + 0.870% BSA, ionic strength 
0.1, after 145 minutes of electrophoresis; D, 0.990% pepsin + 0.890- 
% BSA, ionic strength 0.2, after 90 minutes of electrophoresis. 
Electric field applied 31 to 35 minutes after mixing. 


TABLE 


Equilibrium constants for dissociation of pepsin-BSA complex at 
pH §.85 and 1° (Pentex BSA Lot 1207) 


mi ms | mg | me K 
cm? 
moles liter~’ X 104 
(—105) 

A. Ionie strength 0.1: | 0.849} 2.19] 1.80 | 0.246) 6.38) 6.49 
ug = —9.42 X 10-5, | 1.42 | 1.94| 1.39 | 0.540) 6.93] 6.51 
us = —2.85 X 10-5 | 2.54 | 1.24] 0.785) 1.48 | 7.51) 2.52 

2.79 | 1.27| 0.806) 1.68 | 7.60} 2.42 

B. Ionic strength 0.2: | 2.83 | 1.27) 1.17 | 2.11 | 6.82) 16.1 
up = —7.88 X 10-5, 
us = —3.19 X 10-5 | 
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the complex contains 1 molecule of pepsin and 1 of BSA. This 
assumption is justified by the result that the same value of K 
was obtained for pepsin-BSA ratios, m$/mg, of 0.39 and 0.73, 
conditions under which the m- and n-peaks are negligibly small, 
Fig. 3, A and B. Furthermore, the concentrations of combined 
pepsin and of combined BSA are in fairly good agreement, the 
difference probably arising from a change in the concentration 
of BSA across the a8-boundary (10). The situation is somewhat 
different at a pepsin-BSA ratio of 2.1 to 2.2. The value of K is 
about 60% smaller than at the lower ratios, and the concentra- 
tion of combined pepsin is considerably greater than the concen- 
tration of combined BSA, which correlates with the appearance 
of additional maxima in the rising reaction boundary, Fig. 3C. 
These results lead us to conclude that the complex formed at 
low and moderate pepsin-BSA ratios contains a single molecule 
each of pepsin and BSA and that the additional complexes formed 
at higher ratios are apparently higher order ones containing a 
greater amount of pepsin than BSA. 

Several independent lines of evidence indicate that the one-to- 
one complex is the Michaelis-Menten complex and that the 
higher order complexes are also specific: (a) parallelism between 
the effect of ionic strength on K,, and on complex formation; 
(b) inhibition of complex formation by the peptic digest of BSA; 
(c) inhibition by the low molecular weight substrate, carbo- 
benzoxy-a-L-glutamy]-.L-tyrosine; and (d) lack of complex forma- 
tion between pepsin and ovalbumin under the conditions of our 
experiments. It is well known (13, 14) that the rate of peptic 
digestion of proteins is depressed by the addition of neutral 
salts to the reaction mixture. Our measurements on the rate 
of production of trichloroacetic acid-soluble material at pH 5.2 
to 5.3 show that whereas the maximal rate of peptic digestion 
of BSA is insensitive to ionic strength, the value of K,, is quite 
dependent upon ionic strength. Thus, for Pentex BSA Lot 
9F07, K,, has a value of 1.3 X 10-° mole liter“ at ionic strength 
0.1 and 7.4 X 10-5 at ionic strength 0.2. Likewise, increasing 
the ionic strength from 0.1 to 0.2 depresses complex formation 
(compare Fig. 3D with Figs. 2C and 3C); and the effect of 
ionic strength on the value? of A closely parallels its effect on 
K,,, Tables I and II. Although three different preparations of 
BSA interacted to different extents with pepsin (Table II and 
comparison of Figs. 2D and 4B), the two preparations tested 
showed essentially the same dependence on ionic strength. In 
passing, it is interesting to note that electrophoretic analysis of 
mixtures of pepsin and serum albumin at pH 5.35 and ionic 


2 The values of K for Pentex BSA Lot 9F07 are larger than but 
of the same order of magnitude as the values of K,, for the same 
preparation of BSA. Closer agreement cannot be expected in 
view of the complex nature of proteolysis. Furthermore, the 
kinetic law and the relationship of K,, to K derived on the basis 
of the Michaelis-Menten reaction scheme assumes that only a 
small fraction of the substrate is combined with enzyme in the 
intermediate complex. Actually, a large fraction of BSA is com- 
bined with enzyme under the conditions of our experiments. 

Our values of K, determined at pH 5.2 to 5.3 are of the same 
order as the value, 1.5 X 10-5, obtained by Ram and Maurer (11) 
at a pH value, 1.5, close to the optimum for peptic activity. This 
shows that the pH dependence of peptic activity resides largely 
in the pH dependence of ks, Km being relatively insensitive to pH, 
which in turn justifies studying specific complex formation at the 
higher pH values. 
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II 


Equilibrium constants for dissociation of pepsin-BSA complex at 
pH and 1° (m%/m§ ~ 2.1) 


K 


Preparation of BSA 
Tonic strength, | Ionic ea 
0.1 


moles liter X 108 


Armour Lot V68802................... 12.8 

B 
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Cc 
D 
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Fic. 4. Rising electrophoretic patterns at ionic strength 0.1: 
A, 0.50% peptic digest; B, 0.970% pepsin + 0.925% BSA; C, 0.895% 
pepsin + 0.920% BSA + 0.52% peptic digest ; D, 0.898% pepsin + 
0.925% BSA + 3 X 107° Mm carbobenzoxy-a-L-glutamyl-L-tyrosine. 
Pentex BSA Lot 9F07, pH 5.35 except for A, which was obtained 
at pH 5.28; electric field applied 30 to 35 minutes after mixing; 
time of electrophoresis 90 to 97 minutes. Note that the peptic 
digest contained minor cationic components. In Experiment D, 
a small peak, probably corresponding to carbobenzoxy-a-L-glu- 
tamyl-L-tyrosine, resolved from the pepsin boundary during later 
stages of electrophoresis. Both the apparent mobility of the 
slowest moving peak in the rising reaction boundary and the 
descending apparent mobility of uncombined BSA in Experiment 
D were about 15% greater than those in B and C probably due to 
differences in conductance and pH changes (8) although binding 
of dipeptide by BSA may also be significant. 
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A 


Fig. 5. Rising electrophoretic patterns, pH 5.35, ionic strength 
0.1: A, 1.22% pepsin + 0.595% BSA; B, 1.14% pepsin + 0.560% 
BSA + 3 X 10°? m carbobenzoxy-a-L-glutamyl-L-tyrosine. Pen- 
tex BSA Lot 1207; electric field applied 30 minutes after mixing; 
time of electrophoresis, 90 minutes. The apparent mobility of 
the slowest moving peak in the reaction boundary in B was about 
7% greater than in A. 
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Fig. 6. Electrophoretic patterns of a pepsin-ovalbumin mix- 
ture, pH 5.35 and ionic strength 0.1: 1.03% pepsin + 1.04% oval- 
bumin. Electric field applied 30 minutes after mixing; time of 
electrophoresis, 96 minutes. 


strength 0.1 provides a sensitive method for detecting differences 
in albumin preparations. 

It has long been known that pepsin activity is inhibited by 
the peptic digest of the substrate (15, 16). Measurements made 
under the conditions of our electrophoretic experiments have 
shown that the addition of 1% peptic digest of BSA to the re- 
action mixture strongly inhibits the rate of production by pepsit 
of trichloroacetic acid-soluble material from BSA. If the var- 
ous complexes are specific ones capable of activation to give 
reaction products, their formation should also be inhibited by 
the peptic digest. As shown in Fig. 4, this is indeed the case 
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Whereas in the absence of the peptic digest, Fig. 4B, the ratio 
of the area of the slowest moving peak in the reaction boundary 
to the composite area of the M-, m-, and n-peaks has a value of 
1.1; in its presence, Fig. 4C, the value is 2.1 despite the fact that 
the digest itself contains a minor electrophoretic component 
which migrates in the region of the M-peak, Fig. 4A. 

Perhaps the strongest evidence for the specificity of complex 
formation is provided by experiments which demonstrate that 
the low molecular weight substrate, carbobenzoxy-a-L-glutamy]- 
i-tyrosine, can effectively inhibit the formation of complexes 
between pepsin and BSA. With use of the value (17) of K,, for 
enzymatic hydrolysis of the peptide, it was estimated that in a 
mixture of 3 X 10-4 m pepsin and 3 X 10-3 m carbobenzoxy- 
a-L-glutamyl-u-tyrosine, at least 50% of the pepsin should be 
bound in a Michaelis-Menten complex. In that event, carbo- 
benzoxy-a-L-glutamyl-L-tyrosine, when used as a competitive 
substrate, should in effect act as an inhibitor of specific complex 
formation between BSA and pepsin. Comparison of Figs. 4B 
and 4D shows that the dipeptide is a very effective inhibitor 
indeed. Under the given experimental conditions, the dipeptide 
caused about an 80% reduction in the concentration of pepsin- 
BSA complexes; and the value of if in the inhibited mixture 
was within experimental error, equal to ug. Not only is forma- 
tion of the complex represented qualitatively by the M/-peak 
inhibited but also formation of higher order complexes. This 
is strikingly evident from the experiments shown in Fig. 5 which 
were carried out under conditions of pepsin-BSA ratio where, 
in the uninhibited mixture, the m- and n-peaks predominate 
over the M-peak. These results appear to indicate that carbo- 
benzoxy-a-L-glutamyl-L-tyrosine and BSA bind to the same 
active site on the pepsin molecule and to justify the conclusion 
that all three of the complexes formed between pepsin and BSA 
are specific. This, in turn, leads us to postulate the following 
set of consecutive equilibria to describe the reversible interaction 
of pepsin with BSA: 


E+S=ES 


(2) 


in which ES is the Michaelis-Menten complex; and E£;S, a higher 
order complex. Each bond in £;S is formed between the active 
site on a pepsin molecule and one of the sensitive sites on the al- 
bumin molecule and is capable of activation to give hydrolytic 
products. The conclusion that the BSA molecule has on its 
surface more than one site sensitive to peptic action is consistent 
with the fact that as many as 30% of the peptide bonds of BSA 
are hydrolyzed by pepsin (18). 

Finally, let us consider the electrophoresis of mixtures of pep- 
sin and ovalbumin. Ovalbumin apparently forms (19) 10 times 
the concentration of nonspecific complexes as of specific ones 
with pepsin at pH 4, at which pH the two proteins are oppositely 
charged. In contrast, electrophoretic analyses of pepsin-ovalbu- 
min mixtures have shown that complex formation does not occur 
to a detectable extent at pH 5.35 where both proteins are nega- 
tively charged. The resultant patterns (Fig. 6) are character- 


J.R. Cann and J. A. Klapper, Jr. 


2451 


istic of noninteracting mixtures; and, within experimental error, 
the value of i is equal to that of ug. Furthermore, such 
mixtures yielded no trichloroacetic acid-soluble material during 
incubation for 1 hour at 1°. Thus, under conditions where 
ovalbumin is not hydrolyzed at a significant rate by pepsin, it 
does not form detectable amounts of complex with the enzyme. 
This result lends further support to our conclusion that the pep- 
sin-BSA complexes are specific. It is quite improbable that 
BSA, which carries about the same net electrical charge as oval- 
bumin under the conditions of our experiments, would unlike 


ovalbumin form nonspecific complexes with pepsin under these 
conditions. 


SUMMARY 


By moving boundary electrophoresis, complex formation has 
been demonstrated between pepsin and BSA during the en- 
zymatic hydrolysis of the latter at pH 5.35. It is concluded that 
the complex formed at low and moderate pepsin-BSA ratios con- 
tains a single molecule each of pepsin and BSA and that addi- 
tional complexes are formed at higher ratios. The latter com- 
plexes appear to be higher order ones containing a greater amount 
of pepsin than BSA. Several independent lines of evidence in- 
dicate that the one-to-one complex is the Michaelis-Menten 
complex and that the higher order complexes are also specific. 
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The first clear demonstration of the glycoprotein nature of 
ovalbumin was made by Neuberger in 1938 (2). In addition to 
demonstrating that residues of mannose and glucosamine were 
component parts of the molecule, he was able to isolate an 
amino acid-free oligosaccharide fraction from tryptic digests of 
the protein and to describe several aspects of its structure. The 
development of newer procedures for the fractionation and 
chemical examination of peptides led us to reexamine this 
problem; in 1957 we reported briefly (3) on the results of our 
studies of glycopeptides produced from ovalbumin by digestion 
with crystalline trypsin and chymotrypsin, and included the 
demonstration that the amino acid of the peptide chain through 
which the carbohydrate is attached is aspartic acid. In the 
following year Johansen, Marshall, and Neuberger (4) reported 
briefly on a somewhat different fractionation procedure for 
enzymatically produced glycopeptides and were able to corrob- 
orate that aspartic acid was the point of attachment. Similar 
findings were reported by Jevons (5). 

In this paper we present in detail the evidence we have been 
able to obtain for the structure of glycopeptides derived from 
ovalbumin (1) and discuss the question of heterogeneity of the 
oligosaccharide component. 


EXPERIMENTAL PROCEDURE AND RESULTS 

Materials 
Ovalbumin was prepared by Warner’s modification (6) of the 
procedure of Sgrensen and Hgyrup (7). The three-times 
recrystallized protein was dialyzed free of salt and lyophilized. 


Crystalline trypsin, a-chymotrypsin, and carboxypeptidase A 
were obtained from the Worthington Biochemical Corporation. 


Methods 


All hexose determinations were made by a slight modification 
of the orcinol procedure of Weimer and Moshin (8). Mannose, 
obtained from Mann Research Laboratories, Inc., was employed 


* Supported by Grant No. G-9746 from the National Science 
Foundation. A preliminary report of this work was presented 
before the meeting of the American Society of Biological Chemists 
in Atlantic City, April 1959 (1). 

+ This work is taken in part from the thesis submitted by Rich- 
ard H. Nuenke to the Graduate School of Vanderbilt University in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. 

t Predoctoral Fellow of the Arthritis and Rheumatism Founda- 
tion. Present address, Division of Biochemistry, University of 
Illinois, Urbana, Illinois. 


as a standard and all results are reported as mannose since it had 
previously been shown (2, 9) to be the only hexose present in 
ovalbumin. 

Ninhydrin analyses were performed by the method of Moore 
and Stein (10). 

Glucosamine was determined colorimetrically by the method of 
Boas (11), except that the preliminary separation of glucosamine 
on Dowex 50 was omitted, and by the automatic column chro- 
matographic procedure of Spackman, Stein, and Moore (12).! 
N-Acetyl glucosamine was determined by the method of Aminoff, 
Morgan, and Watkins (13) as modified by Levvy and McAllan 
(14). 

Acetyl group determinations were made by the methanolysis- 
hydroxamate procedure of Ludowieg and Dorfman (15). 

Reducing sugar values were determined on neutralized acid 
hydrolysates by the Park-Johnson procedure (16) with mannose 
as standard. 

Ammonia analyses were performed on hydrolysates by em- 
ploying a slight modification of the aeration step of the Folin- 
Farmer micro-Kjeldahl procedure (17) followed by reaction with 
Nessler’s reagent. 

Preparation and Preliminary Fractionation of Glycopeptides— 
Ovalbumin was dissolved in water to give an approximately 10% 
solution. The exact concentration was calculated from the 
absorbancy at 280 my and the extinction coefficient, Ei%, = 
7.36, at this wave length (18). All operations were carried out 
at room temperature unless otherwise stated. Sufficient 
sodium-p-chloromercuribenzoate was then added to react with 
the 4 sulfhydryl groups of the protein, as this had been found to 
enhance the extent of heat denaturation of the protein and to 
hinder gel formation (18). After this solution had been stirred 
for 15 minutes, the pH was raised to 7.5 and the protein was 
denatured by heating in a water bath at 82° for 20 minutes. 
After the solution was cooled to room temperature, the pH was 
adjusted to 9.1 and trypsin was added to give a 200:1 substrate 
to enzyme weight ratio. Hydrolysis was followed by recording 
the uptake of NaOH necessary to maintain the pH at 9.1. The 
digestion was essentially complete in 6 hours, although it was 
allowed to proceed overnight, 18 hours, in many cases. The pH 
was then adjusted to 5.0 and the large quantity of precipitate 
which formed was collected by centrifugation. After washing, 
this precipitate was dissolved by suspending it in water and 
adjusting the pH to 9.1. a-Chymotrypsin was added in an 
amount equal to 0.6% of the original weight of ovalbumin and 


1 We are grateful to Dr. William W. Lacy and Mr. Erich Groos 
for the analysis of samples on the automatic amino acid analyzer. 
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33 g of Ovalbumin 

595 mg of Mannose 
p-Chloromercuribenzoate Treatment 

Heat Denaturation 

Trypsin Digestion 


pH Lowered to 5 


Supernatant Precipitate 
(12%) (83%) 
First Chymotrypsin 
Dialysis 
Nondialyzable Dialysate 
(9%) 
Second Chymotrypsin Digestion 
pH lowered to 5 
Supernatant Precipitate 
(72%) (5%) 
Lyophilized 
ll7g 
to 50% Alcohol 
Supernatant Precipitate 
(70%) (4%) 
| to 87% Alcohol 
0-5° 
Supernatant | Precipitate 
(1%) 87-P 
6.1 ¢g 
(69%) 
| 
DEAE Chromatography ———————_ 
DEAE-GP 
(65%) | 
Charcoal : Reaction with FDNB 
Column Chromatography 
| 
DEAE-GP-C DNP-GP 
Reaction with FDNB > DNP-GP-C 


Fic. 1. Outline of a typical preparation of glycopeptides from 
ovalbumin. The percentages in parenthesis represent the percen- 
tage of the original mannose present in the fraction. For details, 
see the text. 


the digestion was allowed to proceed for 18 to 24 hours. The 
pH was maintained at 9.1 by the addition of 0.1 N NaOH. The 
digest was then dialyzed at 0 to 5° for three 4-hour periods 
against approximately equal volumes of water with internal 
and external stirring. The nondialyzable material was next 
subjected to a second a-chymotrypsin digestion identical to the 
first. The base uptake was small, but this second digestion was 
found to be necessary to obtain satisfactory fractionation in the 
next step. The second chymotrypsin digest was lyophilized 
and the solid residue was stirred with 50% ethyl alcohol. The 
insoluble material was removed by centrifugation and the super- 
natant solution was brought to 87% alcohol and placed in the 
refrigerator at 0 to 5°. The precipitate was collected by cen- 
trifugation in the cold and is referred to as Fraction 87P in the 
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Fic. 2. Chromatography of a glycopeptide fraction (87P) on 
DEAE-cellulose. The eluting buffer was 0.0005 m sodium phos- 
phate buffer, pH 7.8. A, mg of mannose per fraction; @, ab- 


sorbancy X 10 at 570 my of ninhydrin color; 10-ml fractions; vol- 
ume indicated by double arrow pooled as DEAE-GP. 


800 


text.2 It contained from 7 to 9% mannose and represented a 
yield, calculated as mannose, of from 45 to 70%. Poor yields 
were traced to incomplete denaturation, excessive dialysis after 
the chymotrypsin treatments (since the glycopeptides do pass 
through the Visking membranes slowly), and to unsatisfactory 
fractionation with alcohol. The latter problem presumably 
arises from incomplete proteolysis. A schematic diagram of 
one of our preparations is shown in Fig. 1. 

In a few cases, noted in the text, a third prolonged (35-hour) 
chymotrypsin digestion was made of Fraction 87P, and the 
alcohol fractionation repeated. 

Column Chromatography on DEAE-Cellulose—The 87P fraction 
was further purified on a column, 110 cm long and 2.5 em in 
diameter, of DEAE-cellulose prepared by the method of Peter- 
son and Sober (19). Up to 3 g of 87P could be successfully 
purified on a column of this size. The column was poured in 
0.0005 m sodium phosphate buffer, pH 7.8, and elutions were 
made with this buffer. A typical run is shown in Fig. 2. An 
initial breakthrough peak was clearly resolved from a broad 
glycopeptide peak. A large additional quantity of. ninhydrin- 
positive material could be eluted by subsequent washing of the 
column with 0.1 m NaH:PO,-0.3 m NaCl buffer but very little 
mannose was eluted in this fraction. An inspection of Fig. 2 
suggests clearly that this glycopeptide peak contained several 
components, but, as the resolution was not good enough to be 
definitive, the entire fraction was pooled, dialyzed briefly to 
remove most of the phosphate, and lyophilized. This material 
contained 39 to 45% mannose by weight and is referred to in 
the text as DEAE-GP. Additional composition studies, which 


2 In recent experiments the final alcohol concentration was made 
90% with no observable change in the yield or composition of the 
precipitate. 

3 The abbreviations used are: GP, glycopeptide; DNP, dinitro- 
phenyl. 
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Fic. 3. Chromatography of a glycopeptide fraction (DEAE- 
GP) on a charcoal-Celite mixture. @, ninhydrin color, 570 my; 
@, absorbancy of fraction at 280 mu; A, mannose (orcinol). Areas 
indicated by double arrows were pooled for further analyses. A 
gradient elution of the column (1.5 X 26 cm) was obtained by ad- 
mitting 95% ethyl alcohol into a constant volume, 500-ml mixing 
chamber which was filled with water at the beginning of the ex- 
periment. 


are described in the following paragraphs, showed that DEAE- 
GP was almost completely free of nonglycopeptide contaminants. 
This fraction then presumably represents a series of structurally 
related glycopeptides resulting chiefly from varying degrees of 
proteolytic degradation of the ovalbumin or from variations in 
the composition and structure of the oligosaccharide component. 

Charcoal Column Chromatography—The application of -char- 
coal-Celite column chromatography to the fractionation of 
oligosaccharides (20) led us to attempt the further fractionation 
of some of our DEAE-GP preparations by this means. A typical 
run is shown in Fig. 3. The heterogeneity noted in the DEAE- 
cellulose chromatography is even more evident here, and, indeed, 
permits a rough division into three fractions as shown. From 
the preparations subjected to charcoal chromatography, only 
the major fraction, DEAE-GP-C, has so far been the subject of 
extensive further study. Qualitatively, no differences in 
component amino acids were noted among Fractions B, C, and D. 

Reaction of DEAE-GP with 1-Fluoro-2 ,4-dinitrobenzene—A 
portion of each DEAE-GP and DEAE-GP-C preparation was 
converted into the dinitropheny] derivative by reaction with an 
excess of fluorodinitrobenzene in the absence of added buffer at 
37°. The reaction was followed by measuring the rate of 
addition of NaOH necessary to maintain the pH constant at 9.0 
(21). Occasionally the 5% alcohol-bicarbonate method of 
Sanger (22) was employed. Upon completion of the reaction, 
the pH of the mixture was lowered to 1. No precipitate was 
observed. The solution was extracted with ether to remove 
dinitrophenol and excess fluorodinitrobenzene. Essentially none 
of the yellow color was extractable. After dialysis against 
distilled water to remove salts, the solution was lyophilized and 
is referred to as DNP-GP or DNP-GP-C in the text. The solu- 
bility behavior during and after dinitrophenylation confirms the 
absence of large quantities of nonglycopeptide material in 
DEAE-GP. 

Hydrolysis of DNP-GP in6 n HCl, followed by ether extraction 
and paper chromatography by the two-dimensional procedure of 


Fraenkel-Conrat, Harris, and Levy (23), led to the identificatioy 
of O,N-di-DNP-tyrosine and DNP-aspartic acid as the only 
components reactive toward fluorodinitrobenzene in all DEAR. 
GP preparations. In those which had been digested only twice 
with a-chymotrypsin, the ratio of di-DNP-tyrosine to DNp. 
aspartic acid varied from about 6:1 to 3:1, whereas in thos 
which received a third chymotrypsin digestion the aspartic acid 
exceeded tyrosine by ratios of up to about 4:1. 

Countercurrent Distribution—Various samples of DNp. 
glycopeptides were subjected to countercurrent distribution jy 
a 60-tube, hand-operated Craig machine which had a lower laye 
volume of 5 ml. The principal solvent system employed wa; 
2-butanol-2% acetic acid in glass-distilled water. The 2-butang 
was refluxed with KOH and powdered aluminum and distill 
just prior to use to eliminate impurities which interfered with 
the mannose analyses. The volume ratio (V) and number oj 
transfers (n) are given in the figures describing countercurrent 
runs. 

Spectrophotometric analyses of peptide material were made 
on combined upper and lower layers by adding 1.5 ml of ethanol 
to render them miscible, and measuring the absorbancy at 33) 
muy to detect the DNP derivatives. After analysis, the desired 
tubes were pooled, dialyzed, and lyophilized. 

The results of countercurrent analysis of samples of DNP-Gp 
and DNP-GP-C are shown in Fig. 4. Theoretical curves ar 
included to illustrate the marked heterogeneity of this material, 
They were calculated by the approximation method of William. 
son and Craig (24) for arbitrary distribution coefficients near the 
observed peaks, and are not intended to necessarily indicate the 
distribution of specific actual components. Qualitative two. 
dimensional paper chromatographic analyses of hydrolysates oj 
pooled material from tubes 0 to 20, 20 to 40, and 40 to 60 oj 
such runs showed a remarkable similarity among these fractions 
in that leucine, valine, threonine, serine, and glucosamine wer 
always present. The solvents employed in these analyses wer 
n-butyl alcohol-acetic acid-water (4:1:5) followed by 80% 
pyridine. The DNP derivatives of the N-terminal amino acids 
were identified by the method of Fraenkel-Conrat et al. (23). 
The 0 to 20 fraction was found to have largely N-terminal DNP- 
aspartic acid, whereas both the 20 to 40 and 40 to 60 fraction: 
contained almost entirely N-terminal O,N-di-DNP-tyrosine 
Where predominantly N-terminal tyrosine could be shown, fre 
aspartic acid was found along with the other amino acids noted, 
but if aspartic acid was N-terminal no tyrosine was detectable. 

The central portion of the countercurrent run of DNP-G? 
was pooled as indicated in Fig. 4 and rerun twice in an attempt 
to obtain homogeneous components. It is evident from Fig. }, 
however, that homogeneity was approached but never quite 
attained. Further pooling and reruns were not attempted be 
cause of the large losses inherent in this procedure. All detailed 
analyses reported on DNP-GP and DNP-GP-C were made a 
material comparable to that shown in Fig. 5a, rather than a 
unfractionated material. An average molar extinction coefi- 
cient of 1.65 x 10‘ at 350 mu, based on a molecular weight 0 
2580 (see below), was determined for DNP-GP which possesstl 
entirely N-terminal di-DNP-tyrosine. 

Composition of Glycopeptide—In his early study of the poly 
saccharide moiety of ovalbumin, Neuberger (2) concluded thit 
the protein contained 1.8% mannose and 0.9% glucosamilt 
(calculated as the free base). These values correspond to 4. 
residues of mannose and 2.25 residues of glucosamine per mod 
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Fic. 4. Countercurrent distribution of DNP-glycopeptides in 2-butanol-2% acetic acid. n = 60, V = 0.7; @, absorbancy at 350 my; 
A, mg of mannose X 10 per tube; ——, theoretical curve for the indicated distribution coefficient. (a), DNP derivatives of DEAE- 


GP-C; (b), DNP derivatives of DEAE-GP. The volume indicated 
sis. See Fig. 5. 


of ovalbumin. All of these residues were present in the poly- 
saccharide that he obtained by prolonged proteolytic digestion 
ofovalbumin. The next values reported were those of Cunning- 
ham, Nuenke, and Nuenke (3), who analyzed glycopeptides 
obtained from ovalbumin after digestion with trypsin and chy- 
motrypsin and reported the ratio of mannose to glucosamine to 
tyrosine to be 4:2:1. In these studies the hydrolysis of the 
glycopeptide prior to analysis for glucosamine was carried out 
in 3.5 N HCl for 4 hours. Identical results were obtained in 
exploratory measurements in 5 N HCl after 2 hours of hydrolysis, 
although approximately 10% losses were observed if hydrolysis 
were continued for 7 hours. The ratio of moles of mannose to 
moles of glucosamine in the glycopeptide was near 2.4:1. The 
ratio 4:2 was chosen, however, on the assumption that the 
glycopeptide contained 1 mole of tyrosine, and that the glucos- 
amine analyses represented minimal figures. Subsequent 
studies of the amino acid composition of the glycopeptides led 
Nuenke and Cunningham (1) to revise the mannose to glucos- 
amine ratio to 5:2. Johansen et al. (4), too, revised their analysis 
of ovalbumin in 1958 to values of 2% for mannose and 1.2% for 
hexosamine, corresponding to a ratio of 5:3, although no details 
of these measurements were given and the variability of the 
mannose analysis was specifically noted. Ina closely related and 
simultaneous investigation of ovalbumin glycopeptides, Jevons 
(5) reported this ratio to be 4:2. More recently, however, 
Johansen et al. (9) have described, in detail, glucosamine analysis 
of ovalbumin and of glycopeptide fractions derived from this 
protein. Hydrolysis in both 4 and 5.7 n HCl for periods of 3 
and 6 hours at 100°, followed by analysis for glucosamine by the 
methods of Rondle and Morgan (25) and of Cessi (26), led to 
values of from 2.70 to 3.15, averaging very nearly 3.0 for the 
number of moles of glucosamine per mole of ovalbumin. The 
hexosamine content of a glycopeptide fraction obtained after 
identical hydrolytic treatments and by the Cessi procedure was 
from 2.49 to 3.07 moles per 5 moles of mannose. No corrections 
were made for destruction of glucosamine. Low values for 


by the double arrow was pooled for further countercurrent analy- 
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Fic. 5. Fractionation of DNP-glycopeptides by countercurrent 
distribution in 2-butanol-2% acetic acid. (a), pooled fraction of 
Fig. 4b; n = 110, V = 0.7. The volume indicated by the double 
arrow was pooled for further countercurrent analysis. (6), pooled 
fraction of Fig. 5a; n = 120, V = 0.7. 


glucosamine may result from destruction of the amino sugar 
during prolonged hydrolysis in strong acid or at very high 
temperatures (9, 27), or from the great increase in stability 
toward acid hydrolysis of glycosides of glucosamine when the 
acetyl group is lost by hydrolysis (28, 29). 

We have now examined the rate of liberation of reducing sugar 
from samples of glycopeptide during hydrolysis in 1.5 n HCl 
in an effort to establish the mildest possible hydrolytic conditions 
which might be employed for the estimation of glucosamine. A 
typical experiment is shown in Fig. 6. All calculations are 
based on an assumed molecular weight for DNP-GP of 2580 
and for DEAE-GP of 2250. The basis for these values will be 
made clear in the following sections, but their use is for con- 
venience and is not meant to imply homogeneity of these samples. 


; 
05 ; 
\ 
Eo: 4 t 02 
‘ ‘ 
: 
0.1 
q 


2456 Ovalbumin Glycopeptides Vol. 236, No. § 


4 


4 


MOLES REDUCING SUGAR 


T T T T 


0 2 4 6 8 10 
HOURS 


Fia. 6. Release of reducing sugar from a DNP-glycopeptide 
sample by 1.5 n HCl. The hydrolysis was conducted at 98° and 
reducing values were compared to a mannose standard. 0.063 
mg of DNP-GP per ml. 


TABLE I 
Mannose content of glycopeptide fractions 


Sample ‘peter. Mannose 
moles/mole 
| glycopeptide* 
1 DEAE-GP, Preparation 1 2 4.91 + 0.047 
2 DEAE-GP, Preparation 4 3 5.51 + 0.157 
3 DNP-GP, Preparation 2 3 4.62 + 0.05t 


* Based on dry weight in Experiments 1 and 2 and on extinction 
coefficient in Experiment 3. For values of molecular weight and 
other details see the text. 

{t Mean and standard deviation of the mean. 


The data of Fig. 6 and similar experiments indicate that there 
are about 8 + 0.5 moles of reducing sugar per mole of the glyco- 
peptide, in approximate agreement with the sum of mannose and 
glucosamine residues for a ratio of 5:3. As maximal liberation 
of reducing sugar occurs after about 3 hours of hydrolysis, under 
these conditions, this time was chosen to remove aliquots for 
analysis for glucosamine by the Boas procedure. The glucos- 
amine content was found to be 2.8 + 0.15 under these condi- 
tions of hydrolysis. No corrections for loss during hydrolysis 
have been applied since it is unlikely that extensive destruction 
would occur under these conditions, and since this value agrees 
rather well with our earlier analyses (1, 3) and those of Johansen 
et al. (9), which were both made after much more rigorous 
hydrolysis. This agreement suggests also that the formation of 
glucosaminides (28) does not occur under these conditions. It 
may be of interest also that no unidentifiable ninhydrin com- 
ponents were present in column chromatograms of hydrolysates 
of a similar glycopeptide (Table V) made under identical con- 
ditions. Presumably, oligosaccharide fragments containing 
glucosamine in the free base form would have been detected in 
this procedure. Thus, of the approximately 8 moles of reducing 
sugar liberated from the glycopeptide, at least 3 moles are 
glucosamine. Orcinol analyses for the mannose content of 
several glycopeptide preparations are shown in Table I. Al- 
though values for different preparations vary considerably, 
ranging from 4.6 to 5.5 moles per mole of glycopeptide, these 


results, together with the glucosamine analyses, do account fo 
essentially all of the reducing sugar measured after 3 hours oj 
hydrolysis in 1.5 n HCl. 

We have also found that hydrolysates of DEAE-GP-C op. 
tain 3.0 + 0.1 moles of acetic acid per mole and those of DNp. 
GP, 3.2 moles of acetic acid per mole. Johansen et al. (9) haye 
also shown that their ovalbumin glycopeptides yield from 2.7 ty 
3.1 moles of acetic acid per 5 moles of mannose. All of this 
evidence clearly suggests that glycopeptides derived from oyal. 
bumin contain 3 residues of N-acetylglucosamine. It should be 
pointed out, however, that the molecular weights of these glyco. 
peptides are not known with sufficient accuracy to rule out 
entirely the presence of a fourth extremely unreactive residue of 
glucosamine. 

Ammonia analyses of glycopeptide preparations have beep 
a source of considerable interest since the initial observations 
of Neuberger (2) in 1938. Analyses by Johansen et al. (4) in 
1958 indicated that rather mild acid treatment, 1 N HSO, lib. 
erated approximately 1 mole of ammonia per mole of glyco. 
peptide. Hydrolysis under stronger conditions, 4 N HC] at 10° 
for 8 hours, led to the production of 1.55 moles of ammonia per 
mole of glycopeptide (9). We have examined our DEAE-GP 
preparation for ammonia content after hydrolysis in 1.5 n HC 
for 3 hours and found 0.95 mole to be present. It seems un- 
likely that this ammonia results from degradation of glucosamine 
or amino acids under such mild conditions (9, 27), particularly in 
view of the analyses for these components of the glycopeptide 
which have just been described. 

Qualitative amino acid analyses of the glycopeptides have 
already been mentioned. These paper chromatographic 
procedures allow a very rough estimation of the amino acid con- 
position to be made if standards are run alongside for visual con. 
parison of each ninhydrin-reacting compound. In all prepar. 
tions beyond the 87P fraction it appeared that single residues of 
aspartic acid, serine, threonine, valine, and tyrosine were present 
along with two or more residues of leucine and glucosamine, 
Some samples of DEAE-GP contained fractional amounts of 
glycine, alanine, glutamic acid, and isoleucine (relative to 
aspartic acid). None of these last amino acids were present in 
more advanced stages of fractionations. These semiquantitative 
estimates of amino acid composition were supplemented by 
quantitative analyses of several glycopeptide hydrolysates by the 
procedure of Fraenkel-Conrat et al. (23), which involves con- 
version to the DNP derivatives, paper chromatography, and 
elution of spots. The quantity of each amino acid is then 
estimated by measuring its absorbancy at 360 my. All values 
were corrected for losses during analysis by running standard 
amino acid mixtures through the identical procedure at the same 
time. Some results are given in Table II. The arbitrary desig: 
nation of aspartic acid as unity is based on the fact that this 
leads, in the best preparations, to near integral ratios for the 
other amino acids, and on the fact that there then could not be 
more than one residue of aspartic acid if the results are to be 
consistent with all mannose and glucosamine analyses, reasonable 
estimates of the molecular weight, and with the results obtained 
with carboxypeptidase (see below). The actual yield of DNP- 
aspartic acid, calculated on 1 residue per mole of moleculat 
weight 2580, varied from about 50 to 70%. 

Finally, a sample of DEAE-GP was subjected to sedimentation 
velocity and diffusion analysis in the Spinco model E ultracen- 
trifuge with the aid of the synthetic boundary cell of Hersh and 
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Schachman (30). The concentration was 1.5% and the buffer 
was 0.1 M Tris-0.15 m NaCl, pH 7.86. An approximate partial 
specific volume of 0.68 cm*g~! was calculated as the summation of 
the weight percentage contribution of the reciprocal densities of 
the constituent amino acids and sugars which make up the 
glycopeptide. The diffusion coefficient was determined from 
low speed centrifugation (13,410 r.p.m.) with the moment 
method of Ehrenberg (31). The sedimentation constant was 
measured at 59,780 r.p.m. From the values obtained, s,,, = 
0.54 X seconds and Do,» = 18 X 10-7 em? a molec- 
war weight of 2300 was calculated for the glycopeptide. This 
procedure is subject, of course, to a variety of errors and is quite 
insensitive to heterogeneity caused by minor variations in 
molecular weight. Thus the molecular weight reported must be 
considered to be highly approximate, and is of interest chiefly 
because of its agreement with that calculated from composition 
studies (Table ITI). 

Carboxypeptidase Hydrolysis of Glycopeptides—The relatively 
short length of the peptide chain in the glycopeptide, together 
with the known susceptibility of the component amino acids to 
carboxypeptidase, led us to investigate the time course of libera- 
tion of amino acids from a sample of DNP-GP by this enzyme. 
Carboxypeptidase was dissolved by stirring at 0° in 10% LiCl 
and the protein concentration was determined from the ab- 
sorbancy at 280 my (32). The reactions were carried out at pH 8 
and at 25° with the aid of the automatic pH stat (Titrigraph) 
manufactured by Radiometer, Inc., Copenhagen. Standard 0.1 
nx NaOH was used to maintain the pH constant. At intervals, 
aliquots of the digest were removed and analyzed for free amino 
acids by the FDNB procedure of Fraenkel-Conrat et al. (23). A 
typical reaction is shown in Fig.7. In Table IV the final quanti- 
ties of liberated amino acids for the DNP-glycopeptide of Fig. 7 
and for a DEAE-GP preparation are compared. Under these 
conditions it appears that all amino acids except tyrosine and 
aspartic acid can be removed from the glycopeptide by carboxy- 
peptidase. However, the slow rate of hydrolysis of the second 
leucine may result in its incomplete removal in any given experi- 
ment, unless long digestion periods or high enzyme concentra- 
tions are used. The composition of the residual glycopeptide 
after carboxypeptidase digestion will be discussed in the next 
section. 

Countercurrent Distribution of Carboxypeptidase-Degraded 
Glycopeptide—The removal of most of the amino acids of the 
glycopeptide by carboxypeptidase suggested the use of this 


TaBLeE II 


Amino acid composition and ratios of glycopeptide 
preparation (DNP-GP)* 


DNP-GP, Preparation 1 
Amino acid 
Experiment 1 Experiment 2 
Aspartic acid................. 1.00 1.00 
WerOOMiNG. 0.97 0.92 
0.90 


* Analyses were made by the fluorodinitrobenzene procedure 
of Levy (21). 


t N-terminal amino acid previously extracted. 
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TaBLeE III 
Composition and molecular weight of major glycopeptide resulting 
from sequential digestion of ovalbumin with trypsin 
and chymotrypsin 


(NV 1 
N-Acetyigiuecsamine. ... 3 
Glycopeptide of above composition........... 2245 
DNP derivative of above glycopeptide. ...... 2577 
DEAE-GP, mol. wt. by ultracentrifugation- 
uJ 
2.07 
S LEU 
= 1s 
SER 
aan 
a 0.5 
= 
Pd 
0.5 | 3 5 7 
HOURS 


Fig. 7. Release of amino acids during treatment of DNP-GP 
with carboxypeptidase. See the text for details. 


enzyme to reduce that heterogeneity of our preparations which 
results from the presence of peptide chains of varying length on 
the C-terminal side of the point of carbohydrate attachment. 
To reduce variations on the N-terminal side, the DEAE-GP 
preparation was also subjected to a third chymotrypsin digestion 
as noted previously. The DEAE-GP was treated with chymo- 
trypsin, reacted with fluorodinitrobenzene, and finally digested 
with carboxypeptidase. Fig. 8 shows the results of countercur- 
rent distribution of this material. Again, the marked het- 
erogeneity of this material is readily apparent, and from Fig. 8b 
it is equally apparent that all of it cannot be ascribed to variation 
in the N-terminal residue. Fig. 8c shows the distribution of the 
same material as in Fig. 8b, except in a different solvent pair. In 
this latter case, Peak A yielded 97 % of its total N-terminal value 
as DNP-aspartic acid on hydrolysis; Peak B gave 80% as di- 
DNP-tyrosine and 20% as DNP-aspartic acid. Peak A was 
then subjected to hydrolysis under two different conditions and 


— 
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TaBLe IV 
Amino acids released by carboxypeptidase degradation of glycopeptide fractions 
Substrate to | Amino acid 
Experiment Sample enzyme weight | Method of analysis 
ratio Tyr Thr | Ser Val | Leu 
moles released/mole of sample* 
lj DNP-GP, Preparation 2 71 | | 0.59 | 0.48 | 0.57 1.25 DNP method 
2t DEAE-GP, Preparation 4 32:1 | 0.00 0.57 | 0.66 0.77 1.21 Automatic 
| | analyzer 


* No corrections for loss have been applied to the figures shown. 


7 Substrate concentration, 0.8 mg per ml by weight. 
t Substrate concentration, 2.3 mg per ml by weight. 


Digestion terminated at 24 hours. 
Digestion terminated at 24 hours. 


(a) (b) (c) 
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Fic. 8. Countercurrent distribution of carboxypeptidase- 
treated DNP-glycopeptides (DNP-GP). @, absorbancy at 350 
my; (a) n = 60, V = 0.7; 2-butanol-2% acetic acid; A, mg of man- 
nose X 10? per tube. The volume indicated by the arrow was 
pooled for further analyses. See (b) and (c). (6) pooled material 
from (a). n = 150, V = 2.0; 2-butanol-2% acetic acid; A, O, 


TABLE V 


Amino acid composition of carboxypeptidase-degraded DN P-glyco- 
peptide and its partial hydrolysis products* 


| DNP-glycopeptide 
1.5 n HCl, 3-hour hydrolysate, 
- 100°, extracted with ethyl 
Compound 24-hour acetate 
hydrolysate, | 
6N HCl, H. 6 N 
, 110°, 24 
| Aqueous layer hours) ethyl 
acetate layer 
moles/mole 
0.74 | 0.46 | 0.36 
| 0.00 0.00 0.00 
Aspartic acid. | 0.11 0.05 | Trace 
| 0.03 0.09 Trace 
| 0.07 | 0.08 | Trace 
Glutamic acid.............. | 0.05 0.02 | Trace 
; 0.02 0.13 | Trace 
0.03 Trace | Trace 


* Analyses were performed with the automatic amino acid ana- 
lyzer. 


fraction of the total N-terminal amino acids found as DN P-aspar- 
tic acid or di-DNP tyrosine, respectively, in the indicated tubes. 
(c) pooled material from (a); n = 100, V = 1.28; lutidine, 0.15 u 
NaCl. A, tubes left in machine; B, upper layers run out of ma- 
chine during the last 40 transfers. 


the hydrolysates, after extraction with ethyl acetate to remove 
DNP-peptides and DNP-aspartic acid, were analyzed for free 
amino acids by the automatic column procedure of Spackman 
et al. (12). The results shown in Table V suggest that Fraction 
A consists largely of a glycopeptide containing the sequence 
DNP-aspartylleucine with small amounts of a similar compound 
containing the single amino acid, DNP-aspartic acid, as well as 
the carbohydrate portion. Although no correction for hydro- 
lytic destruction has been applied, it may be of interest that, in 
both hydrolysates, approximately 2 moles of glucosamine were 
found by this chromatographic procedure, rather than the 3 
moles indicated by the Boas procedure with several less highly 
fractionated samples of glycopeptide. No galactosamine was 
present. 

Hydrazinolysis of Glycopeptides—A sample of DNP-glycopep- 
tide was dissolved in 98% anhydrous hydrazine and heated in 4 
sealed tube at 105° for 4 hours (33). Hydrazine was removed by 
evaporation in a vacuum over concentrated sulfuric acid. The 
residue was chromatographed directly on paper in the n-butyl 
alcohol-acetic acid-water (4:1:5) solvent. Three ninhydrir- 
positive spots were found corresponding to R»y values of 0.12, 
0.35, and 0.58. The largest spot, that having an Rr of 0.58, was 
eluted, reacted with fluorodinitrobenzene in the usual manner, 
and then hydrolyzed. The N-terminal amino acid was identified 
as DNP-serine by the Levy procedure, whereas only leucine and 
valine were detected by paper chromatography of the water 
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layer. The structure, Ser—(Val, Leu), is thus suggested for this 
peptide resulting from the partial hydrazinolysis of the glyco- 
peptide. More prolonged treatment with hydrazine caused 
extensive destruction and was of no help in sequence analysis. 

Reaction of Ovalbumin and Glycopeptide Fraction with Hydroxyl- 
amine—The marked lability of the bond between the peptide and 
the carbohydrate to acid hydrolysis (Fig. 6) suggested the pos- 
sibility that this bond is an ester, particularly since aspartic acid 
appeared to be involved. To investigate this possibility, native 
ovalbumin was treated with a solution of 1 Nn NH,OH-HC! in 
1.75 m NaOH for 40 minutes at room temperature. Upon ad- 
justment of the pH to 5, an isoelectric precipitate of denatured 
ovalbumin was obtained which contained all of the mannose of 
the native protein. The stability of the carbohydrate-peptide 
linkage was further demonstrated by treatment of a sample of 
DNP-GP with the alkaline hydroxylamine. Upon subsequent 
neutralization and extraction with ethyl acetate, the yellow 
color remained in the water layer. Since the oligosaccharide 
portion of the DNP-glycopeptides is responsible for their solu- 
bility in water at low pH and for their failure to be extracted by 
organic solvents under these conditions, it may be concluded that 
hydroxylamine fails to separate the peptide from the carbohy- 
drate. 


DISCUSSION 


The procedure described for the preparation of the ovalbumin 
glycopeptide fraction, DEAE-GP, results in good yields and is 
highly reproducible. The DEAE-GP fraction is believed to be 
free of any peptide material which is not bound to carbohydrate 
for the following reasons. First, those amino acids and sugars 
which are known to be components of the glycopeptides quantita- 
tively account for all of the DEAE-GP on a weight basis. Sec- 
ond, the experimentally determined molecular weight of DEAE- 
GP and the extinction coefficient of its DNP derivative agree 
within experimental error with theoretical values based on the 
constituent amino acids and sugars. Finally, the high solubility 
in water of DNP-GP, a determining factor in many of the 
purification steps, is caused by the presence of carbohydrate, 
since it is lost when the carbohydrate is removed by mild acid 
hydrolysis (Fig. 6). This is evident from the formation of a 
yellow precipitate during such a hydrolysis, as would be ex- 
pected upon the release of a nonbasic DNP-peptide into acid 
solution. 

Further purification of DEAE-GP by means of charcoal- 
Celite chromatography or countercurrent distribution of its DNP 
derivative indicates that this fraction is still heterogeneous; this is 
caused in part by incomplete proteolysis of certain peptide bonds. 
However, amino acid analyses of the fractions obtained by these 
methods reveal marked differences only in the N-terminal amino 
acids, tyrosine or aspartic acid. Also, removal of the amino 
acids on the C-terminal side of aspartic acid by carboxypeptidase 
does not produce a single homogeneous peak upon subsequent 
countercurrent distribution. We have concluded from these 
results that the heterogeneity of DEAE-GP must arise in part 
from differences in the carbohydrate portions of the glycopep- 
tides present. We are uncertain at present whether this hetero- 
geneity results from the glycopeptide preparation procedure, al- 
though mild treatments are used, or whether it is inherent in the 
original ovalbumin. Studies of the carbohydrate heterogeneity 
are hampered by the difficulty of accurately estimating small 
differences in the content of glucosamine and mannose with the 
usual carbohydrate tests. The values reported for moles of man- 
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nose and of glucosamine have been 5 and 3 (4) or 4 and 2 (3, 5), 
and it seems likely that actual variations of this magnitude would 
be lost in the normal experimental errors involved in the ana- 
lytical procedures. There is, too, the possibility that the 
heterogeneity arises from structural rearrangement rather than 
from differences in composition. Both of these possibilities are 
currently under investigation. It is apparent that only the 
fractionation procedure of countercurrent distribution would 
indicate heterogeneity in our best preparations. Column chro- 
matography and paper electrophoresis do not permit such a 
sensitive test. 

The sequence of amino acids in the peptide portion of the 
glycopeptides has been found to be: Tyr—Asp—Leu-Thr-Ser-— 
(Val,Leu). The sequence, Tyr—Asp, is based on the fact that 
either tyrosine or aspartic acid is the N-terminal amino acid, 
depending on the fraction studied, and that, when tyrosine is 
removed by further chymotrypsin treatment, aspartic acid 
becomes the N-terminal amino acid. Leucine follows aspartic 
acid in the sequence since it is the only other amino acid found in 
significant amounts after carboxypeptidase treatment (Table V). 
The rapid release of valine and leucine by carboxypeptidase and 
the subsequent slower release of serine and threonine (Fig. 7) 
indicate that the hydroxyamino acids follow after the sequence, 
Tyr-Asp-Leu, whereas valine and an additional leucine occupy 
the C-terminal and penultimate positions of the chain. The 
results with partial hydrazinolysis, in which the peptide, Ser- 
(Val,Leu), is obtained, establish the relative positions of threo- 
nine and serine in the peptide. 

The carbohydrate analyses indicate that the average oligosac- 
charide unit consists of about five molecules of mannose and three 
molecules of glucosamine. Since Johansen et al. (9) have found, 
and we have been able to confirm, that acetyl groups are released 
upon hydrolysis of the glycopeptide and that N-DNP-glucos- 
amine is not formed upon dinitrophenylation of the glyco- 
peptides, it is presumed that glucosamine exists in the glyco- 
peptide completely in the N-acetylated form. 

The attachment of the carbohydrate to the peptide must be 
through either the a- or B-carboxyl group of aspartic acid since 
all other amino acids can be removed by carboxypeptidase or 
a-chymotrypsin, whereas aspartic acid remains attached to the 
carbohydrate (3). Evidence for the exact nature of this attach- 
ment is still indirect. An ester bond appears ruled out through 
observation of alkaline hydroxylamine treatment of both oval- 
bumin and DNP-GP; in neither case was the polysaccharide 
cleaved from the protein or peptide. An amide link to an amino 
group of glucosamine is also unlikely in view of the fully 
acetylated state of these residues. Furthermore, the absence of a 
reducing group in the oligosaccharide and the presence of an 
acid-labile ammonia residue in the glycopeptide must be taken 
into consideration. Because of these facts it seems very probable 
that the carbohydrate-peptide bond involves an N-acylgly- 
cosylamine structure between an aspartic acid carboxyl group 
and the reducing end group of the oligosaccharide. Such a 
structure is analogous to N-glycyl-5-phosphoribosylamine (34), 
which is also similar in chemical properties to our glycopeptide. 
It is stable at room temperature to pH extremes of from 1 to 9, 
but decomposes when subjected to conditions of mild acid hy- 
drolysis, similar to those of Fig. 6, and yields 1 mole each of 
glycine, ammonia, and reducing sugar. 

The findings reported here are in general agreement with other 
reports on ovalbumin glycopeptides. Both Jevons (5) and 
Johansen et al. (4) confirmed the sequence, Asp—Leu, and the 
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carbohydrate attachment to aspartic acid. Jevons also found no 
evidence for a reducing group in his glycopeptide. Neuberger’s 
1938 preparation of the ovalbumin polysaccharide was presumed 
to be free of amino acids because of enzymatic cleavage of an 
amide type protein-carbohydrate bond. However, his evidence 
for the absence of amino acids was primarily based on specific 
color tests which would not have detected aspartic acid. If 
the structure proposed here is correct, enzymatic cleavage of 
the protein-carbohydrate bond probably did not occur in Neu- 
berger’s preparation, and one or more amino acids undoubtedly 
were present. This would explain the unaccountably high 
nitrogen content of his preparation. 

An interesting finding in our work is the relative resistance to 
proteolytic digestion by some peptide bonds of the glycopeptide. 
The tyrosine, leucine, and penultimate leucine or valine residues 
of the glycopeptide are all poor substrates for chymotrypsin, and 
the aspartylleucine bond is only slowly cleaved by carboxypepti- 
dase. A similar resistance to chymotrypsin and pepsin by the 
tyrosine residues of human gamma globulin glycopeptides has 
been noted by Rosevear and Smith (35, 36) and attributed to the 
influence of the polysaccharide moiety. The carbohydrate unit 
of their glycopeptide was also found to be linked through an 
aspartic acid carboxyl group, although the nature of the bond is 
not known. Since ammonia analyses of these peptides were not 
reported, the question of the identity of the linkage in ovalbumin 
and gamma globulin will require further examination. 


SUMMARY 


1. Glycopeptides which have been produced by the proteolysis 
of ovalbumin have been extensively purified by procedures in- 
volving dialysis, alcohol fractionation, column chromatography, 
and countercurrent distribution. 

2. The best fractions prepared, although free of nia co- 
peptide contaminants, still possess some heterogeneity with 
respect to the carbohydrate moiety. 

3. Sequence studies have shown the peptide portion to have 
the sequence, Tyr-Asp—Leu-Thr-Ser-(Val,Leu). 

4. The protein is linked to the carbohydrate unit through an 
aspartic acid carboxyl group, probably involving an N-acyl- 
glycosylamine type linkage to the reducing end of the polysac- 
charide. 


Acknowledgment—The authors wish to thank Mrs. B. Joanne 
Nuenke for the ultracentrifugal analysis of the glycopeptide. 

Addendum—Shortly after the submission of this paper, a more 
detailed account of the work of Johansen et al. (4) on glyco- 
peptides obtained from ovalbumin appeared (37). The data we 
have presented appear to be generally in accord with the data 
of these investigators. In particular, the evidence for a single 
labile ammonia residue was described in the light of detailed 
studies of the acid lability of the other structural components 
of the glycopeptides. These authors conclude that the acyl- 
glycosylamine linkage, although not directly established, is in 
better agreement with the known facts concerning this complex 
structure than any other proposal. The recent suggestion of 
Rothfus (38), for example, that the linkage of aspartic acid to the 
carbohydrate of gamma globulin was through amide formation 
with the amino group of glucosamine, was based on data which 
could, in the absence of information concerning acetyl and am- 
monia content, be equally well interpreted in terms of the 


Ovalbumin Glycopeptides 


Vol. 236, No. 9 


acylglycosylamine structure mentioned above. All such sug- 
gestions must be considered tentative until conclusive evidence 
of purity of a glycopeptide preparation can be presented. 
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Niemann and coworkers (2, 3) have made extensive investiga- 
tions concerning the effect of chemical structure on substrate and 
inhibitor affinities for a-chymotrypsin as measured by the kinetic 
constants for the over-all hydrolysis reactions of several sub- 
strates. This work has expanded, and, in some cases, modified 
the classical picture of a typical synthetic substrate for this 
enzyme (4, 5). Hartley and Kilbey (6) showed that the hy- 
drolysis of p-nitrophenyl acetate was catalyzed by a-chymo- 
trypsin. This compound does not qualify as a typical substrate 
but it does have several advantages for some investigations. 
On the one hand, its hydrolysis can be followed directly by ob- 
serving the increased absorbancy at 400 my; on the other hand, 
it affords the possibility of separating the hydrolysis into two 
steps. Gutfreund and Sturtevant (7) and Dixon, Dreyer, and 
Neurath (8) have presented kinetic evidence for the formation 
of acetyl a-chymotrypsin as an initial step in the a-chymotryp- 
sin-catalyzed hydrolysis of p-nitrophenyl acetate. Balls and 
Wood (9) have prepared acetyl a-chymotrypsin with the use of 
p-nitrophenyl acetate. It has been reported (10) that the pep- 
tide sequence, aspartyl-acetylseryl-glycine, exists in acetyl a- 
chymotrypsin, implying that the acetyl group from p-nitropheny] 
acetate is attached to the same sery] residue that is dialky|-phos- 
phorylated by diisopropyl phosphofluoridate (11). The purpose 
of this present work has been to determine the effect on the 
separate steps, acetylation of a-chymotrypsin and solvolysis of 
acetyl a-chymotrypsin, of compounds known to inhibit the over- 
all hydrolysis of typical substrates. 


EXPERIMENTAL PROCEDURE 


Enzyme—Armour salt-free chymotrypsin was used for all of 
the studies reported here. 

Substrate—Eastman White Label NPA,! recrystallized from 
ethanol-water, was the substrate used. 

Inhibitors—Indole and skatole were Eastman White Label. 
Tryptamine, p-tryptophan, and L-tryptophan were from the 
California Corporation for Biochemical Research. Acetyl p- 
and L-tryptophans were prepared by the method of du Vigneaud 


* Scientific Paper No. 2096, Agricultural Experiment Stations, 
Washington State University. This investigation was supported 
in part by a grant (No. A-2299) of the National Institutes of 
Health and in part by funds provided for biological and medical 
research by the State of Washington Initiative Measure No. 171. 
A preliminary report of this work has appeared (1). 

‘The abbreviations used are: NPA, p-nitrophenyl acetate; 
chymotrypsin, a-chymotrypsin. 


and Sealock (12). p-Nitrobenzoyl p- and L-tryptophans were 
prepared from the tryptophans by standard procedures with 
p-nitrobenzoy! chloride. 

Tris, Eastman White Label, with the appropriate amounts of 
HCl, was used to buffer all solutions at pH 7.9. 

Stock solutions of 10-* m substrate in peroxide-free dioxane 
were prepared for convenience. Subsequent dilution with water 
or water-alcohol mixtures brought the concentration of sub- 
strate to 4 X 10-° mM for experiments in which kinetic constants 
are reported. The final concentration of dioxane was 2% (vol- 
ume) after mixing with enzyme solution. 

Enzyme solutions of 2 X 10-° m (based on a molecular weight 
of 25,000) were prepared in water or alcohol mixtures containing 
enough NaCl and buffer components to give the desired ionic 
strength and pH when mixed with the substrate 1:1. Except 
where otherwise noted, the final solutions were 5 X 10-3 M in 
the amine component of the buffer. 

Matched 2-ml syringes (Luer-Lok Multifit) were filled to ap- 
proximately 1.5 ml, one with substrate and the other with en- 
zyme solution. Care was taken to exclude air from the syringes. 
They were then locked into place in the device shown in Fig. 1, 
which also served as the cover for the cell compartment of a Beck- 
man model DU spectrophotometer. The latter was equipped 
with a spectral energy recording attachment coupled to a 10 mv, 
1-second full scale response time Leeds and Northrup Speedomax 
G recorder. 

At an appropriate time the pushing block was unlocked and 
depressed, discharging and mixing equal volumes of substrate 
and enzyme solution into an empty cuvette. A delivery time 
of about 2 seconds was obtained in most experiments. Attempts 
to deliver in less time led to excessive foaming and bubbling 
owing to increased velocity of impingement of solution on the 
cuvette walls. Inhibitors were added to the buffer solution in 
which the enzyme was dissolved since it was found experimentally 
that it made no difference whether they were added to the en- 
zyme or substrate solutions. A reference cell containing all of 
the components except the substrate was used to adjust the 100% 
transmission point of the spectrophotometer. It was found 
experimentally that, over the short time course of the experi- 
ments, the nonenzyme-catalyzed hydrolysis of substrate was 
negligible. 

The method of analysis was based on the well known change 
in absorption spectrum that occurs when p-nitrophenyl esters 
are hydrolyzed at pH 7.9. Either the disappearance of the 270 
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Fic. 1. Mixing device. A, matched 2-ml syringes; B, plungers 
fixed positively to pushing block; C, pushing block; D, slides for 
C; E, lock for D; F, mixing chamber. Cylindrical shape inside 
with diameter of 4 mm and height of 7 mm. Twin feeds are-of 
No. 18 hypodermic needles. They are in the same horizontal 
plane but are offset and pass the median plane. 
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Fic. 2. Trace of experimental curve. 


Pushing block depressed 
at time zero. 
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mu absorption or the appearance of the 400 mu absorption may 
be used, but all of the data reported here are based on observa- 
tions at 400 mu. Fig. 2 is a trace of an experimental curve of 
transmission, T, versus time in seconds. 


Analysis of Data 


The reaction is assumed to follow the course shown in Equa- 
tions 1 and 2 


1.2 
EH + AcB — (EH. AcB) 
(1) 
1.3 
HB) ———— EAc + HB 


2.3 2 


+ HOR —— (EAc.HOR) 


» 


(2) 


(EH. AcOR) —— EH + AcOR 


in which EH is chymotrypsin, AcB is the substrate, EAc is acety] 
chymotrypsin, HB is p-nitrophenol, HOR is water or an alcohol, 
AcOR is acetic acid or an acetate ester, and quantities in paren- 
theses are complexes of the appropriate form of the enzyme and 
other constituents. In the experiments reported here, the re- 
actions forming the complexes were too rapid for the method of 
observation (7, 8). Therefore, Equations la and 2a have been 
used to analyze the experimental data. 


k 
EH + AcB = EAc + B- + H+ (1a) 
—1 
BAe + HOR = EH + AcOR (2a) 


Since the equilibrium position for both reactions above is to 
the right as written, the differential rate expressions governing 
the system are: 


—d{AcB|/dt = k,[EH][AcB] = d[B-]/dt (3) 


d{EAec]|/dt = k,{[EH]{AcB] — k2[EAe][HOR] 


(4) 
= ki [EH][AcB] — 


where 
kg = ko[HOR] 


This set of differential equations cannot be integrated in closed 
form, but the constants can be computed in the following man- 
ner. Assuming good data near time zero, the initial rate can be 
determined and k; calculated from Equation 3. If we let A = 
amlB-], where A is the absorbancy, and ay is the molar ab- 
sorbancy coefficient, then 


—d{AcB])/dt = d{(B-|/dt = 1/ay-dA/dt (5) 
but it can be shown that 
dA/dt = —2.30/T-dT/dt (6) 


where T is the transmittancy. 

Therefore, values of the quantity —d|AcB]/dt-1/[AcB] can 
be obtained from the experimental curve of T versus t by measur- 
ing the slope dT/dt at discrete values of T. It can be shown 
that the quantity —d[AcB]/dt-1/[AcB] goes through a minimal 
value at a time, tn, when k,d[EH]/dt = 0 or, in other words, 
when the value of [EH] goes through a minimum and that of 
[EAc] goes through a maximum. At this time, t,, 


ky = k[EAch,, = (—d[AcB]/dt):, (7) 
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Since we have calculated k, from the initial rate and can deter- 
mine [AcB],,, and (—d[AcB]/dt);,, at tn, we can calculate [EH],,, 
from Equation 7. With the use of the expression for conserva- 
tion of total enzyme: 


[EH], + [EAc}: = [E]tota, 


one can caleulate [EAc],,, and with this value determine k; 
fom Equation 7. In Fig. 3 are presented data from an ex- 
periment in which the quantity —d[AcB]/dt-1/[AcB] is plotted 
and the minimal value is clearly evident. Under some experi- 
mental conditions this minimum is rather flat and we have also 
used the approach described below to analyze the experimental 
data. 

This alternate approach is to integrate the differential equa- 
tions, 3 and 4, numerically and compare data with computed 
yalues of [AcB] asa function of time. This numerical integration 
has been done? and constants derived by curve fitting. Wherever 
both methods could be used, excellent agreement was obtained. 
All of the constants reported here were obtained by this alternate 
method. 


RESULTS 


Fig. 3 illustrates both methods of computing the kinetic con- 
stants. The curves are from the numerical integration of Equa- 
tions 3 and 4 with the constants indicated. The circles are ex- 
perimental values of [AcB] and —d[{AcB]/dt-1/[AcB]. As one 
would expect from such a fit, the same values of the constants 
are obtained by the two methods. The computer solutions in- 
clude the values of [EH] as a function of time, and, as shown, 
the minimum in its concentration coincides with the minimum 
in —d[AcB]/dt-1/{AcB]. 

A series of compounds that were known to be competitive 
inhibitors of the chymotrypsin-catalyzed hydrolysis of several 
substrates (2, 3) were examined as described above. Each of 
the compounds tested this way decreased the observed k;. This 
can be interpreted as competitive inhibition by these compounds 
of the acylation reaction. In order to facilitate comparison of 
these data with those obtained from over-all hydrolysis of more 
typical substrates, we have defined an inhibitor constant, Ky, 
as follows: 


=1+ (8) 


in which k,, and k, refer to k; values in the absence or presence 
of inhibitors, respectively. In Table I it can be seen that these 
K; values agree closely with ones determined with other sub- 
strates for the over-all hydrolysis. In general, these compounds 
had little effect on k; except for indole. Indole increased k; 
and this is interpreted as a promotion of the catalytic properties 
of the protein. 

Alcohols, on the other hand, had little effect on k, but a great 
effect on k;. This effect could be treated as if the alcohol were 
just another species of HOR so that 


kg = keyon{HOH] + kepor[HOR] (9) 


where kao, is the rate constant for hydrolysis and koyo, that for 
alcoholysis. Table II shows the variation of k; with methanol 
and, from the computed value of keyox, methanol is 200-fold 
better as the solvolytic reagent than water. 


_ ?xRunge-Kuta method by Mr. Glen Ingram of the WSU comput- 
ing center with the use of an IBM 650 computer. 
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Fig. 3. Computed curves for ki of 5 X 10% m~ sec and k; of 
8 X 10-* sec"! compared with data for hydrolysis of 2 X 10-' m 
NPA in the presence of 1 X 10-° m chymotrypsin at pH 7.9 in 1 w 
NaCl. ——, computed curve for [AcB]; ---, computed curve for 
—d {AcB]/dt-1/[AcB]; ---, computed curve for [EH]; @, experi- 
mental values of [AcB]; ©, experimental values of —d[AcRB]/ 
dt-1/{AcB]. 


TaBLE I 
Effect of competitive inhibitors of over-all hydrolysis on the two steps 


All reactions in this table were at pH 7.9 in 1 m NaCl with ini- 
tial substrate concentrations of 2 X 10-5 m and enzyme concen- 
trations of 1 X 10-'m. Ky, and p are defined by Equations 8 and 
10, respectively. Inhibitor concentrations and Ky, values are 
given in units of 10-3 Mm. 


Inhibitors = Kit | 
10 | 0.7 | 0.7 | 1.6 
1.0 | 0.5 | 1.0 
10.0 10.0 6.0 | 1.0 
L-Pryptephan:. 20.0 20.0 
Acetyl-p-tryptophan......... 4.0 4.0 
Acetyl-L-tryptophan......... 4.0 6.0 10.0 | 1.0 
p-NO:2-benzoyl-p-tryptophan.| 1.0 1.5 | 1.0 
1.0 2.3 | | 1.0 


* This study. 
Tt References 2 and 3. 


TaBLeE II 
Effect of methanol concentration on the two steps 


Conditions and concentrations the same as in Table I except 
for stated concentration of methanol. k, and kz defined in Equa- 
tions 3 and 4, keyoq and k2yor in Equation 10. 


10 10" 

| M S€C M Sec M sec 

None 5.0 8.0 0.15 

0.25 5.0 15 0.15 28 
0.50 | 5.0 25 0.15 34 
1.25 | 5.0 43 0.15 28 
2.50 4.0 75 0.15 27 
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From Table III, it can be seen that ionic strength affects k, 
markedly but has little influence on the magnitude of ks. 

The values of k; in the absence of indole varied 4-fold under 
the conditions used in Table IV. In all of the cases 10~* m in- 


III 
Effect of NaCl on the two steps 


Conditions as in Table I except for the NaCl and methanol 
concentrations as noted in this table. ki and k; defined in Equa- 
tions 3 and 4. 


No methanol | 0.5 w methanol 


NaCl } 
concentration | | | 

| ki ks | ki ky 

we | 10 

M sec sec | M sec | sec 

0.1 20 | 60 | 25 | 2% 

02 | 25 60 | 30 | 2% 

05 | 30 | 60 | 40 | 2% 

1.0 | 4.5 | 7.0 5.5 | 30 

TABLE IV 


Indole effect with various alcohols 
Conditions as in Table I except for the alcohol and NaCl con- 
centrations. The monofunctional alcohols were 0.25 Mm, with NaCl 
at 0.1m. The multifunctional alcohols were 1.0 m, with NaCl at 


1.0m. pis defined in Equation 10. 
No indole 10-7 indole 
Alcohol 

M S€C sec M Sec M sec sec - 
2.0 | 6.0; 0.15] 1.0] 10 | 1.7 
Methanol.........:... 2.5 | 12 24 1.2 | 18 1.5 
pS Serer 3.0 | 12 24 1.2 | 25 | 2.1 
e-Prepanol .............. 2.0 | 12 24 1.0 | 25 2.1 
i-Propanol............ 2.0 | 10 16 1.0 | 20 | 2.0 
4-Btanel........ 00008: 2.0 | 7.0 4.0 1.2 | 10 1.4 
¢-Butanol..........665.: 2.0 | 6.0| <2 1.0 | 12 | 2.0 
2.5 | 25 19 1.5 | 35 1.4 
Oe 2.5 | 25 19 1.2 | 40 1.6 
Glycol monoethyl 

2.0 | 25 19 1.5 50 2.0 


30 60 sec. 90 120 150 

Fig. 4. Hydrolysis of 5 X 10-5 m NPA in the absence, O, and 
presence, @, of 10-* m indole at pH 7.9 in 1 m NaCl. 
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dole caused an increase in k; that was roughly proportioned to 
k;. For example, with 0.25 m ethanol, the corresponding 
values are 12 and 25 X 10-* sec! whereas for 1 m glycol mono. 
ethyl ether they are 25 and 50 X 10-* see. For convenience 
we have defined the quantity p as 


p = ks,/ks, (10) 


in which kz, is the value of k; in the presence of indole and 
is that in the absence of indole. In order to be certain that the 
indole effect was not caused by some vagary of the methods used 
to analyze the data, experiments were conducted at 5 Xx 10-3 
M substrate. The results of such an experiment are shown in 
Fig. 4. For the first 22 seconds the over-all effect of indole was 
inhibitory. However, for the remainder of the time the presence 
of indole resulted in a faster reaction. Inspection of the datg 
shows that the rate in the presence of indole became equal to 
that in its absence when 0.8 X 10-5 m of the substrate had been 
converted. This occurred at 15 seconds with indole and at 9 
seconds without indole. It can be seen that, of the compounds 
tested, only indole itself promoted the solvolysis of acetyl chymo- 
trypsin. The other compounds, all 3-substituted indoles, only 
exhibited inhibition of the acetylation reaction. ; 

From Table IV it may be seen that for the simple alcohols up 
through the propanols, k2yox is about the same and much higher 
than koyou- The koyon values for the butanols are lower than 
those for the smaller alcohols. In fact, from the experimental 
data for t-butanol, it is not possible to assign a kezon- However, 
at higher concentrations of t-butanol, there is some indication 
of an alcohol effect on k:. It is of interest that the 3 polyfune- 
tional alcohols tested had k2 values comparable with methanol. 


DISCUSSION 


It is apparent that, in general, those compounds known to be 
competitive inhibitors of the over-all hydrolysis of derivatives 
of acylated aromatic amino acids, the typical substrates of chy- 
motrypsin (1-3), inhibit Reaction la and not 2a. This is not 
wholly unexpected, since the most likely place for enzyme inter- 
action with this kind of inhibitor is at Reactions 1.1 and 2.1 of 
the expanded system. Since equilibrium positions are to the 
right as written, only an interference with Reaction 1.1 is to be 
expected and this would lead to the observed inhibition of Re- 
action la. 

The fact that simple alcohols can replace water as the second 
substrate is not new. Balls and Wood (9) have prepared ethyl 
acetate from acetyl chymotrypsin and ethanol. Isaacs and 
Niemann (13) have recently reported the preferential solvolysis 
of acetyl chymotrypsin by one of the enantiomorphs of sec-buta- 
nol and the subsequent synthesis of active sec-butyl acetate. 
Bender and Glasson (14), in a direct study of the over-all hy- 
drolysis and methanolysis of acetyl-u-phenylalanine methyl 
ester, found the ratios of the limiting rates of methanolysis to 
hydrolysis to be 123 and 160 in 0.25 and 0.50 m methanol, re- 
spectively. The ratios of k2yo4 to k2yon Which should be com- 
pared with the foregoing values of Bender and Glasson have 4 
probable value of 190 + 30. 

Bender and Glasson also observed a decrease in the rate of 
hydrolysis in the presence of methanol. They interpreted this 
by assuming effective competition of methanol for a specific 
water-binding site. If their model were applicable to the pres- 
ent system, the values of ke,o, should have been markedly con- 
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centration-dependent. Since this was not the case, one must 
resent an alternate explanation or ascribe the difference to the 
fact that there is an intrinsic difference in the chymotryptic 
solvolysis of NPA and N-acetyl-t-phenylalanine methy! ester. 
The concept of an acyl intermediate affords an alternate explana- 
tion of the inhibition of hydrolysis by methanol. An increase 
in the rate of solvolysis of the acyl enzyme, with the acylation 
reaction unaffected, leads to a decrease in the concentration of 
acylated enzyme, [EAc], and an increase in free enzyme, [EH]. 
This decrease in [EAc] is responsible for the decreased rate of 
hydrolysis, [HOH] [EAc]. 

Recent work by Gutfreund and Hammond (15) and Spencer 
and Sturtevant (16) indicates that the same site and presumably 
the same general mechanism obtained in the chymotryptic hy- 
drolysis of NPA and the more typical substrates. We assume, 
along with Bender and Glasson, that binding of solvolytic reagent 
to the acyl enzyme plays an important role in the mechanism. 
However, such binding does not have to be strong enough to 
lead to effective competition between different solvolytic species. 
The binding of the solvolytic reagent to the acylated enzyme 
would seem to be a possible explanation of the observed specificity 
regarding the nature and chemical structure of the alcohol. 
However, it must be remembered that, with a molecule as com- 
plex and asymmetric as an acyl chymotrypsin, one would expect 
to find stringent steric requirements leading to asymmetric 
synthesis even in a normal bimolecular reaction. 

The increase of k, with salt concentration can be interpreted 
as caused by salting out of substrate from the solvent phase 
onto the protein (17). This could shift Equilibrium 1.1 to the 
right (and 2.1 to the left) and would be observable as an increase 
inky. It is assumed that Equilibrium 2.3 is not affected signifi- 
cantly. In the range of concentrations employed, the alcohols 
used in this study did not significantly affect k:. Bender and 
Glasson (14) using N-acetyl-t-phenylalanine methyl ester and 
Bernhard, Coles, and Nowell (18) using methyl hippurate found 
little effect of methanol or hydroxylamine, respectively, on the 
over-all K,, for hydrolysis, methanolysis, or hydroxylaminolysis. 

The fact that acetyl chymotrypsin is solvolyzed faster in the 
presence of indole than in its absence is analogous to the promo- 
tion of a catalyst. For that reason we refer to this phenomenon 
as the indole promotional effect. Since indole and many of its 
derivatives are either excellent substrates or competitive in- 
hibitors of the chymotryptic hydrolysis of specific substrates, it 
has been assumed that they are bound to a specific site on the 
enzyme. One plausible explanation of the indole promotional 
effect is that acetyl chymotrypsin will also bind indole and that 
the acetyl chymotrypsin-indole complex is more rapidly solvo- 
lyzed than acetyl chymotrypsin. Two theories already exist 
for this type of behavior. One, advocated by Spencer and Stur- 
tevant (16), is that less configurational entropy is lost in going 
from an acyl enzyme complex to the transition state for solvol- 
ysis when the acyl chymotrypsin is derived from typical 
substrates than when it is acetyl chymotrypsin. Koshland 
(19), on the other hand, has suggested that the binding of sub- 
strate to enzyme causes changes in the conformation of the pro- 
tein such that its catalytic properties are enhanced. To apply 
either of these theories to the present effect, the assumption is 
that the system, acetyl chymotrypsin-indole, assumes a con- 
figuration to some degree approximating that, for example, of 
N-benzoyl-L-phenylalanyl chymotrypsin. Whichever of the 
two viewpoints above is assumed, the indole promotional effect 
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can be viewed as another expression of the general phenomenon 
of enzyme specificity for substrates. 

It has been noted (2-5) that there are probably two sites on 
chymotrypsin with an affinity for aryl groups. For example, 
N-benzoy]-phenylalanine methy] ester is hydrolyzed more rapidly 
than either methyl hippurate or methyl phenylpropionate. 
Hein, McGriff, and Niemann (20), in their interesting report 
that p-1-keto-3-carbomethoxy-1 ,2 ,3 ,4-tetrahydroisoquinoline is 
a better substrate for chymotrypsin than its enantiomorph, raise 
the interesting question as to whether this compound should be 
considered a derivative of N-formyl-p-phenylalanine methyl 
ester or of V-benzoyl-p-alanine methyl] ester. Awad, Neurath, 
and Hartley (21) and Wilson and Erlanger (22) showed that 
there is a conformation of the p-fused ring substrate of Hein, 
McGriff, and Niemann which can be approximated very closely 
by nonfused L-amino acid derivatives. However, one group 
(21) matched conformations as though the fused system was the 
N-formyl-p-phenylalanine derivative. The other (22) chose to 
regard it as a derivative of N-benzoyl-p-alanine. Thus, when 
we say, as above, that the system, acetyl chymotrypsin-indole, 
assumes a conformation to some degree approximating N-ben- 
zoyl-phenylalanyl chymotrypsin, it is not possible to decide 
whether the indole is occupying the site binding the N-benzoyl 
group or the phenylethyl group of the more “typical” substrate. 
More light might be shed on the problem by studies of a possible 
indole promotion effect with such systems as hippury! and phen- 
ylpropiony! chymotrypsins. 


SUMMARY 


1. A method for the study of the effect of several parameters 
on the individual steps of the chymotryptic solvolysis of p-nitro- 
phenyl] acetate is described. 

2. Inhibitors of the over-all hydrolysis of typical substrates 
inhibit the acetylation of a-chymotrypsin and not the solvol- 
ysis of acetyl a-chymotrypsin. 

3. Alcohols are very effective solvolytic reagents for acetyl 
a-chymotrypsin. 

4. Increasing ionic strength increases the rate of acetylation 
and does not affect the solvolysis significantly. 

5. Indole promotes the solvolysis of acetyl a-chymotrypsin. 

6. It is proposed that the promotional effect of indole on the 
solvolysis of acetyl a-chymotrypsin is another manifestation of 
the interaction of a-chymotrypsin with cyclic residues that leads 
to the typical pattern of substrate specificity for this enzyme. 
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Earlier studies in this laboratory (1) and by other workers 
(2-4) have suggested that the effect of alkaline pH and urea on 
myosin resulted in major structural alterations in the molecule. 
Many of these studies were concerned with the attempt at the 
isolation of subunits or small polypeptide fragments by the treat- 
ment of myosin with high urea concentrations for long periods 
of time or by exposure of the molecule to alkaline pH. No 
systematic studies on the effect of alkaline pH and urea on the 
physical properties of myosin have been reported simulatneously 
with their effect on the adenosinetriphosphatase activity of my- 
osin. 

For this reason an investigation of myosin and actomyosin by 
means of optical rotation, viscosity, and adenosinetriphosphatase 
activity at various alkaline pH values and urea concentrations 
has been undertaken in an attempt to correlate structural changes 
in the molecule with changes in myosin adenosinetriphosphatase 
activity. 


EXPERIMENTAL PROCEDURE 


Myosin A was prepared from rabbit skeletal muscle according 
to the procedure of Szent-Gyorgyi (5). After being precipitated 
three times, the protein was stored in 0.6 m KCl at 0° as a 2% 
solution. These stock solutions were not kept longer than 10 
days. 

Actin was prepared according to the procedure of Barany and 
Barany (6). For the preparation of synthetic actomyosin, equal 
volumes of a 2.5 mg per ml solution of myosin in 0.6 m KC! were 
mixed with a 1.0 mg per ml solution of F-actin in 0.1 m KCl. 

Urea and piperidine were purchased from Fisher Scientific 
Company. The urea was crystallized three times from a water- 
ethanol mixture before use. Piperidine was used without 
further purification. 

Viscosity measurements were carried out in an Ostwald type 
viscometer at 25 + 0.01°. The outflow time for solvent (0.6 m 
KCl) was 60 seconds. Optical rotations were measured in a 
De- 
termination of the specific viscosity of myosin A at a single 
concentration (0.1%) for several different preparations showed 
that the value for each did not vary by more than 3%. Diffi- 
culty was encountered in determining the outflow time on the 
same solution, however, for, with an increasing number of trials, 
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denaturation of the protein in the capillary made the readings 
erratic. For this reason, the outflow time for the first three trials 
was averaged. In this manner viscosity increases caused by 
aggregation of the protein were minimized. 

In the case of the optical rotation studies, no significant change 
in [a]? from preparation to preparation could be noted. In 
addition, the optical rotation of each individual determination 
was independent of time when followed over a period of 30 min- 
utes. 

Myosin ATPase activity measurements were made according 
to the procedure described by Perry (7). The micromoles of P; 
released were determined by the Gomori modification of the 
Fiske-SubbaRow method (8). 

Ultraviolet difference spectra were determined as previously 
described (1). 

The final pH of each solution in the presence of all of the com- 
ponents was determined on a Radiometer pH meter, model 
TTT1, equipped with a glass electrode (G202B). 

Protein concentrations were determined by nesslerization (9). 
Nitrogen concentrations were calculated by comparison with 
standard solutions of (NH4)2SOx. 


RESULTS 


Effect of Myosin ATPase Activity—In Fig. 1 can be seen the 
effect of varying urea concentrations on myosin ATPase activity 
by exposing myosin to urea a 0° for different time intervals. 
Loss in ATPase activity was rapid in both 4and 5M urea. Even 
in 3 M urea, 80% of the activity was lost in 30 minutes. Only 
in 1 M urea was there no substantial activity loss. Barany et al. 
(10) have obtained similar results in 1 M urea. Increasing the 
incubation temperature from 0° to 25° resulted in an immediate 
activity loss in 3, 4, and 5 M urea, as can be seen in Table I. 

Fig. 2 shows the loss in myosin ATPase activity at three alka- 
line pH values. A small change in pH from 10.10 to 10.30 re- 
sulted in a loss of over 90% of the enzymatic activity. At room 
temperature the loss in activity at pH 10.30 and 10.50 was in- 
stantaneous. Actomyosin behaved similarly with respect to rate 
of loss of activity in urea and at alkaline pH values. 

ATP Inhibition of Alkaline Denaturation of Myosin—In the 
presence of ATP, the loss of myosin ATPase activity at both pH 
10.30 and 10.50 was approximately 3 times slower than in the 
absence of ATP when the two situations are compared at the 
time necessary for 50% inactivation to occur (Fig. 3). This is 
analogous to the inhibition of thermal denaturation in the pres- 
ence of ATP (11). In urea, however, no differences in the rate 
of loss of ATPase activity were observable either in the presence 
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Fig. 1. Effect of varying urea concentrations on the rate of 
loss of myosin ATPase activity. A 0.25% solution of myosin was 
exposed to varying urea concentrations in 0.6 m KCl-0.05 m Tris, 
pH 7.5, at 0°. Aliquots were removed at suitable time intervals 
and added to a solution containing 1 10-* mM CaClo, 5 X 
ATP, and 0.1 Nn NaOH-glycine buffer, pH 9.1. Aliquots were 
chosen so that the final concéntration of urea in the assay me- 
dium was below 1 Mo. 


TaBLeE I 
Effect of temperature on urea inactivation 
of myosin ATPase activity 

Aliquots from a 10 m urea solution were added to 1 ml of a1% 
solution of myosin A in 0.6 mM KCl, pH 7.0, and brought to a volume 
of 10 ml. Immediately upon mixing, 0.1 ml was removed and 
added to the ATPase assay medium described in ‘‘Experimental 
Procedure.” The final concentration of urea in the assay medium 
was below 0.1 m. 


Pi 
Urea 
0° 35° 
moles/liter pmoles/g/sec 
0 3.2 3.0 
1 3.1 2.9 
2 3.3 1.6 
3 2.9 0.5 
4 2.0 <0.1 
5 . <0.1 


or absence of ATP. This would suggest that the mechanisms 
by which urea and alkaline pH cause a loss in activity are dis- 
similar. 

Viscosity Changes of Myosin—The changes that occur in 
specific viscosity upon increasing both the urea concentration 
and pH are illustrated in Figs. 4 and 5. Other investigators 
(12, 13) have observed previously that the viscosity of myosin 
is decreased considerably upon increasing the urea concentration. 
In Fig. 4 it can be seen that these results agree substantially with 
those previously found. However, in contrast to the results of 
Snellman and Erdos (13), the viscosity changes did not appear 
to be reversible, even after short treatment with urea. The 
large decrease in viscosity at 5 mM urea suggests that the molecule 
has assumed a more globular structure. 

Large viscosity changes were also observed when the pH was 
increased. The maximal viscosity value was reached at a pH of 
10.35 (Fig. 5). At this point the molecule appeared to “explode” 
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and a large decrease in viscosity ensued. After exposure to 
alkaline pH values and reneutralization to pH 7.0, the viscosity 
changes above pH 10.35 reverted to a value higher than that of 
the molecule in the native state (pH 7.0). It is of interest that 
Tsao (2) has observed that at pH 10.7 the molecular weight of 
myosin decreases to 170,000. Kominz et al. (3) have isolated 
a subunit from myosin by exposing the molecule to pH 10,, 
It would seem reasonable to assume, therefore, that the viscosity 
changes observed here are the result of a breakdown of the my- 
osin molecule into smaller molecular weight particles. Rene. 
tralization of the pH after this breakdown occurs may then result 
in a reaggregation of these particles. 

Viscosity Changes of Actomyosin—The effect of alkaline pH 
and urea on actomyosin would seem to indicate that both of these 
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Fig. 2. Effect of alkaline pH on the rate of loss of myosin ATP- 
ase activity. A 0.25% solution of myosin was exposed to the pH 
values shown in 0.6 m KCl-0.05 m piperidine buffer at 0°. Ali- 
quots were removed and assayed for ATPase activity in the sys- 
tem described in Fig. 1. 
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Fic. 3. ATP inhibition of alkaline denaturation. Myosin was 
exposed to alkaline pH values as described for Fig. 2. In addi- 
tion to the 0.6 m KCI-0.05 m piperidine buffer, 2.5 X 10-* m ATP 
was also added to the incubation medium. Suitable controls 
were run to account for any spontaneous hydrolysis of ATP ex 
posed to the alkaline pH. 
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Fic. 4. Change in viscosity of myosin with increasing urea con- 


centration. The myosin concentration was 0.3% in 0.6 m KCl- 
0.05 m phosphate buffer, pH 7.2. 


6 
a 
e 
3 
2 
8 9 10 u 12 13 
pH 


Fic. 5. Change in viscosity of myosin with increasing pH. The 
myosin concentration was 0.3% in 0.6 m KCI-0.05 m piperidine 
buffer. Viscosities were determined immediately upon addition 
of myosin to the buffer mixture; O——O, directly at the high 
pH; @——@, exposed to high pH for 30 minutes at 0°; and then 
neutralized to pH 7.0 with phosphate buffer. 


conditions lead to a dissociation of the actin-myosin complex. 
Barany et al. (10) have recently come to a similar conclusion in 
the case of urea. These results can be seen in Figs. 6 and 7. 
Even in a 1 M urea solution, addition of ATP caused little change 
in the relative viscosity. The shape of the viscosity-urea curve 
after the addition of ATP strongly resembled that of myosin in 
urea. Similar observations could be made by varying the pH. 
Above pH 9.8 addition of ATP caused little change in viscosity. 
in this case, as in that noted previously, the shape of the vis- 
cosity-pH curve resembled myosin at alkaline pH values. 

Optical Rotation Changes of Myosin—In varying concentrations 
of urea the optical rotation changes showed a steady increase in 
the negative rotation value between 3 m and 7 M urea, with the 
maximal change occurring between 7 and 9.5 m urea (Fig. 8). 
The value at 9.5 M urea coincides with that previously found by 
Cohen and Szent-Gyorgyi (14). The large increase in the rota- 
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tion from —31° to —108° indicates that major structural altera- 
tions occur in the myosin molecule upon increasing the urea 
concentration. If myosin was first exposed to urea for 15 min- 
utes at room temperature, dialyzed against 0.6 m KCl, and the 
optical rotations determined, no indication that the effect was 
reversible could be shown. 
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Fig. 6. Change in viscosity of actomyosin with increasing urea 
concentration. The actomyosin concentration was 0.2% in 0.3 
M KC1-0.05 m phosphate buffer, pH 7.2. After each viscosity was 
determined, 0.10 ml of a 0.05 m ATP solution was added to the 4 
ml of actomyosin solution and the viscosity redetermined. 
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Fic. 7. Change in viscosity of actomyosin with increasing pH. 
The actomyosin concentration was 0.6% in 0.3 m KCl-0.05 m 
piperidine buffer of the desired pH. Addition of ATP was car- 
ried out as described in Fig. 6. 
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Fig. 8. Change in optical rotation of myosin with increasing 
urea concentration. The myosin concentration was 0.9% in 0.6 
m KCI-0.05 m phosphate buffer, pH 7.2. Solutions were clarified 
prior to the readings by ultracentrifugation at 25,000 X g for 1 
hour. Temperature, 20°. 
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Fic. 9. Change in optical rotation of myosin with increasing 
pH. The myosin concentration was 0.9% in 0.6 m KCI-0.05 m 
piperidine buffer. Temperature, 20°. 
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Fic. 10. Change in the ultraviolet difference spectrum maxi- 
mum (—ADz.7) with increasing urea concentration. 
ence (1) for experimental details. 
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The variation in optical rotation with increasing pH was found 
to be more complicated than that in urea, as shown in Fig, 9, 
An increase in the negative rotation occurred and reached q 
maximum at pH 10.35. From pH 10.35 to 11.0, a sharp dro 
in the rotation to a small negative value took place and from pl 
11.0 to 12.0 a further increase occurred. It is of interest to note 
that the maximal negative rotation value at pH 12.0 (—51%) js 
not as large as the maximal value in 9.5 m urea (—108°), which 
suggests that urea is a more effective unfolding reagent in this 
case (Figs. 8 and 9). 


DISCUSSION 


It seems apparent from the results presented here that low 
concentrations of urea and pH values above 10.10 cause major 
structural alterations in myosin A which result in a rapid logs ip 
ATPase activity. In addition, these conditions also seem ty 
bring about the dissociation of the actin-myosin complex. It js 
not possible at the present time to decide conclusively whether 
both agents act similarly in causing ATPase activity loss. Hoy. 
ever, in this regard, it is of interest to note that the presence of 
ATP inhibits the loss in ATPase activity caused by alkaline pH 
whereas with urea this is not the case. This suggests that the 
two agents may act dissimilarly in causing ATPase activity loss, 

Urea, it would seem, exerts at least a 2-fold effect on the mok. 
cule. Low concentrations of urea (e.g. 3 M) cause a fairly rapid 
loss in ATPase activity, a substantial decrease in the specific 
viscosity, and an increase in the optical rotation. However, it 
is necessary to go as high as 7 M urea before any change is ob- 
served in the ultraviolet difference spectrum (Fig. 10). This is 
of interest because it had previously been found that 6 M urea had 
no influence on the spectrophotometric titration curve of myosin 
A (5). In concentrations of urea greater than 7 M, however, the 
spectrophotometric titration curve of myosin A becomes nor- 
malized.! Thus, under these conditions, it would seem that urea 
causes a second structural alteration in the molecule not distin- 
guishable by means of viscosity and optical rotation studies. 
It is at this urea concentration that the optical rotation has 
reached its maximal negative value. In this laboratory it has 
been possible to isolate a polypeptide of molecular weight oi 
20,000 to 30,000 from myosin that had been in 8 m urea for? 
days at room temperature by means of chromatography o 
“‘Sephadex.”! Other investigators have demonstrated the pres 
ence of such polypeptide fragments from myosin under similar 
conditions (2, 4). 

Myosin at alkaline pH values also seems to undergo at least 
2-fold change in structure. This is evident from the ATPas 
activity and optical rotation studies. The first major change 
seems to occur at pH 10.30. It is at this pH that the ATPas 
activity is rapidly lost, the viscosity increases, and the optical 
rotation becomes more negative. Between pH 10.30 and 11. 
the viscosity drops sharply and the optical rotation become 
more pronouncedly positive. From pH 11.00 to pH 12.00 no 
further change occurs in the viscosity but the optical rotation 
returns to a high negative value. This further change in optical 
rotation may be associated with the molecular changes brought 
about by ionization of the abnormal tyrosyl residues known t 
be present in myosin (1). 


1A. Stracher, unpublished observations. 
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SUMMARY 


The effects of alkaline pH and varying urea concentrations on 
the adenosinetriphosphatase activity, viscosity, optical rotation, 
and ultraviolet difference spectra of myosin A have been studied. 
In addition, the effect of these conditions on the viscosity of 
actomyosin has also been observed. At pH values greater than 
10.1 the adenosinetriphosphatase activity was lost rapidly. Vis- 
cosity and optical rotation changes indicated that structural 
alterations in the molecule accompany this loss in activity. Urea 
concentrations greater than 1 M also caused a rapid inactivation 
of adenosinetriphosphatase activity. This loss in activity was 
accompanied by changes in the properties studied. It was sug- 
gested that the effect of urea may be 2-fold; at low concentrations 
(less than 5 M) it causes changes in the physical properties meas- 
ured and at higher concentrations (7 M) it causes a second struc- 
tural alteration in the molecule, as inferred from ultraviolet 
difference spectra. It was also suggested that both alkaline pH 
and urea cause a dissociation of the actin-myosin complex. 


Acknowledgment—The technical assistance of Mr. Alan Brussel 
is gratefully acknowledged. 
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The dependence of the native conformation of many proteins 
on their disulfide linkages is evident from the changes that occur 
when these bonds are broken. Thus, in many cases, reduction 
leads to a loss of biological activity, whereas in others, the shape 
of the molecule is altered. Moreover, the availability of the 
disulfide groups to reduction varies from protein to protein and 
can be greatly enhanced by reagents, such as urea or guanidine 
hydrochloride, which affect the secondary structure. 

Since, in this laboratory, we have been concerned with a study 
of the intramolecular bonds that determine the conformation of 
the polypeptide chain essential for the enzymic activity of pep- 
sin, the conditions under which pepsin can be reduced have been 
investigated. In view of the fact that it was desirable to assess 
the role of the disulfide bonds on the biological activity of the 
protein and on its conformation, the reduction had to be per- 
formed in the pH range below 6.0, 7.e. the range in which pepsin 
remains active. Mercaptoethanol was chosen as the reducing 
agent. Its effect on the three disulfide bonds of pepsin (1) and 
the factors that determine the reactivity of the —S—S— linkages 
will be presented in this report. 2S 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Worthington crystalline pepsin, Lot 
No. 637, witha nitrogen content of 14.84% anda molar extinction 
coefficient of 50,990 at 278 mu per molecular weight of 35,000 
was used throughout. Reagent grade mercaptoethanol was re- 
distilled, and urea and guanidine hydrochloride were twice re- 
crystallized from 60% ethanol and absolute methanol, respec- 
tively. p-Chloromercuribenzoate was purchased from Sigma 
Chemical Company and stock solutions, approximately 1.1 mm, 
were prepared. The concentration of each solution was com- 
puted from the absorption at 234 mu. Lodoacetic acid was ob- 
tained from Amend Drug and N-ethylmaleimide from Schwarz 
BioResearch Laboratories, Inc. The mercaptoethanol ana- 
logues, i.e. glycol and thiodiglycol (Matheson and Pierce), were 
used without further purification. 

For the preparation of solutions in the pH range of 3.6 and 
5.6, pepsin was dissolved in 0.1 N acetate buffer of the desired 
pH, whereas at more acid pH values, dilute hydrochloric acid 
served as a solvent. In the experiments in which the addition 
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of urea or guanidine hydrochloride was required, mixtures of each 
reagent in 0.1 N acetate buffers were used. Measurements for 
pH were made with a MacInnes type glass electrode, and no 
attempt was made to correct the observed pH values for the 
effects of urea, guanidine hydrochloride, or mercaptoethanol. 

Experimental Course—Samples of pepsin solution, 4.5 ml, 
placed in a water bath at 37°, were mixed with 0.5 ml of mer. 
captoethanol and were flushed with nitrogen. The final protein 
concentration was 1% and that of mercaptoethanol 10% by 
volume, corresponding to a 350-fold excess per —S—S— group 
of the protein. The reaction mixtures were kept at 37° under 
nitrogen and portions withdrawn at the desired time intervals, 
One aliquot was assayed for enzyme activity at pH 2.0 with the 
aid of the hemoglobin method (2), and its activity was com- 
pared with that of a pepsin sample in mercaptoethanol-free 
buffers of the same pH. In all of the experiments, the specific 
activity was expressed as optical density per minute /protein 
nitrogen. In a second aliquot of each mixture, the number of 
free sulfhydryl groups was determined after removal of the 
excess of mercaptoethanol. 

Removal of Excess Mercaptoethanol—The reduced protein was 
precipitated with an ice-cold mixture, consisting of 39 volumes 
of acetone and 1 volume of 1.0 Nn HCl. The precipitate was 
separated by centrifugation at 5° and was washed five times 
with the acetone-hydrochloric acid mixture. Subsequently, the 
protein was dried in a vacuum to remove the last traces of 
acetone to avoid interference in the p-chloromercuribenzoate 
titration. Since precipitation of pepsin with acetone-hydro- 
chloric acid leads to a loss of the enzymic activity, an alternate 
way to remove the excess of mercaptoethanol was, therefore, 
used. It consisted in placing the solution on a Sephadex G-i0 
column (1 X 50 cm) followed by elution with 0.1 N acetate 
buffer, pH 5.0, containing 0.02 m EDTA. Here, the protein is 
eluted with the first column volume, whereas mercaptoethanol 
is retarded considerably. Thus, a clean separation could be 
achieved without inactivation of the enzyme. 

Determination of Sulfhydryl Groups with p-Chloromercuri- 
benzoate—The acetone-precipitated, washed protein was dis- 
solved in 0.1 m phosphate buffer, pH 6.8, and was assayed spet- 
trophotometrically by the p-chloromercuribenzoate method of 
Boyer (3) as modified by Sela et al. (4) and which had been fur- 
ther scaled down to enable the detection of 0.015 mole in 4 
final volume of 1.5 ml. Although this procedure is satisfactory 
for glutathione standards, the results with reduced pepsin are 
less accurate because the extinction of this protein at 255 mp 
is 22,500 moles per liter. An error of +10% may exist in the 
titration. When duplicate determinations were required, the 
solutions were kept in an ice bath under nitrogen. The concet- 
tration of reduced pepsin was determined with the Folin phenol 
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reagent according to Lowry et al. (5) and a pepsin solution of 
known concentration was used as a standard. 

Determination of Sulfhydryl Groups as S-Carboxymethylcysteine 
—The reduced pepsin was dissolved in a sodium iodoacetate 
solution, buffered to pH 8.5 with 0.08 m borate containing 0.02 
uw EDTA. The amount of sodium iodoacetate present in the 
buffer solution corresponded to a 200-fold molar excess per sulf- 
hydryl group of the protein. When urea or guanidine hydro- 
chloride was required during substitution, these reagents were 
dissolved in the same buffered sodium iodoacetate mixture, ad- 
justed to pH 8.5, and were then added to the reduced pepsin. 
After standing for 1 hour under nitrogen at room temperature, 
the solutions were dialyzed exhaustively against distilled water. 
After addition of an equal volume of 12 n HCl, the protein was 
hydrolyzed in evacuated sealed tubes at 110° for 22 hours. The 
determination of S-carboxymethylcysteine was then performed 
by chromatography on Amberlite IR 120 according to Moore 
dal. (6) and the results were corrected for the 9% loss that occurs 
during the 22 hours of hydrolysis (7). 

Determination of Sulfhydryl Groups as S-Succinylcysteine after 
Reaction with N-Ethylmaleimide—A 20-fold molar excess per 
sulfhydryl group of N-ethylmaleimide, buffered to pH 5.0 with 
0.1 Mm acetate, was added to the reduced protein. Again each 
solution contained 0.02 m EDTA. The procedure was the same 
as outlined in the preceding section except that the N-ethylmaleim- 
ide-substituted protein was hydrolyzed at 110° for 66 hours 
before the determination of S-succinyl cysteine. On chromatog- 
raphy on Amberlite IR 120, the S-succinyl cysteine emerges as a 
distinct peak ahead of the aspartic acid. The correction factor 
of 16% was applied as determined in experiments in which 
S-cysteinyl-N-ethylsuccinimide was similarly treated.’ 


RESULTS 


Effect of pH on Reduction—The effect of pH on both the ac- 
tivity and the reduction of pepsin is shown in Fig. 1. The 
number of sulfhydryl groups liberated after exposure to the 
reagent at 37° for 30 minutes was determined by titration with 
p-chloromercuribenzoate. Fig. 1 further includes the results of 
the enzymic assays carried out under the same experimental 
conditions in the presence and absence of mercaptoethanol. 
Thus, it is apparent that the extent of the reduction of pepsin 
is dependent on the pH of the reaction mixture. Whereas no 
sulfhydryl groups are liberated at a pH more acid than 5.0, the 
number of these groups formed as a result of reduction increases 
rapidly as the pH of the solution is raised from 5.0 to 5.7. 
Moreover, the course of reduction parallels that of the 
loss of enzymic activity. As shown in Table I, the rates of in- 
activation and reduction increase 3000- and 2000-fold, respec- 
tively, with the loss of activity approximately 1.75 times faster 
than the reduction at a given pH in the range of 5.2 to 5.7. 

The fact having been thus established that no reduction of the 
disulfide bonds of pepsin occurs below pH 5.0, the question arose 
whether the failure of mercaptoethanol to act at lower pH values 
was due to certain structural features of pepsin. Since it had been 
previously shown that the conformation of the enzyme is af- 
fected by concentrated solutions of urea or guanidine hydro- 
chloride (8), pepsin was reduced in the presence of these rea- 
gents. As indicated with the aid of Figs. 2 and 3, in 8.0 m 
urea the pH range of reduction is extended to pH 4.5, whereas 


‘0.0. Blumenfeld and D. Smyth, to be published. 
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it is further lowered to pH 3.8 and 3.5 in 3.0 m and 4.0 m guani- 
dine hydrochloride, respectively. Moreover, it should be noted 
that the interval in which the reduction rate is pH-dependent 
is as narrow in all solvents as it is in aqueous buffers, i.e. 0.7 
pH unit. The rate of inactivation in the presence of urea and 
guanidine salts, however, is much greater than that of reduction. 

Another result of interest emerges from Figs. 1, 2, and 3. 
Although no sulfhydryl groups are formed in the presence of 
mercaptoethanol below pH 3.5, some inactivation of the enzyme 
occurs in acid solution. In contrast to experiments previously 
reported (8), the loss of activity here is not accompanied by an 
increase of the solubility in 10% trichloroacetic acid. Thus, an 
enzyme-catalyzed reaction can be excluded, and the effect of 
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Fic. 1. Effect of mercaptoethanol on pepsin as function of pH. 
Enzymic activity; X ——X, in the absence; O——O, in the pres- 
ence of mercaptoethanol; @——@, reduction. Time of incuba- 
tion, 30 minutes at 37° under nitrogen. 


TaBLe I 
Apparent first order rate constants of inactivation and reduction 


pH Rate of inactivation Rate of reduction Rinactivation 
at 37° at 37° Rreduction 
X 

5.0 1.0 10-* 1.0 X 10-* 
5.1 2.9 X 
5.47 1.8 X 10-2 1.0 X 10°? 1.77 
5.6 4.9 X 10°? 2.6 X 10-2 1.88 
§.% 3.0 X 10°! 1.9 X 10° 1.60 

100 100 
80+ +80 
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3 
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2 
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Fig. 2. Effect of mercaptoethanol on pepsin in 8.0 m urea as 
function of pH. Symbols and incubation conditions are as in Fig. 1. 
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Fic. 3. Effect of mercaptoethanol on pepsin in 3.0 Mm and 4.0 m 
guanidine hydrochloride (GCl) as function of pH. Symbols and 
incubation conditions are as in Fig. 1. 


IT 
Effect of mercaptoethanol and its analogues on pepsin 


Reagent Time Pepsin activity 
min % 
Mercaptoethanol 0 100 
30 0 
60 0 
Ethanol 0 100 
30 94 
60 94 _ 
Glycol 0 100 
30 102 
60 110 
Thiodiglycol 0 100 
30 100 
60 100 


TaBie III 


Recovery of S-succinylcysteine after reaction of reduced 
pepsin with N-ethylmaleimide 


| No. of —SH groups 


pH of reduction per molecule 


Experiment No. 


| 
| 


1 | 5.7 4.0 
2 5.7 3.9 
3 | 5.7 3.9 
4 | 5.7 4.4 
5 | 5.7 | 4.3 


mercaptoethanol on the protein is most likely an unspecific one, 
independent of its action as a reducing agent. 

Effect of Mercaptoethanol Analogues on Pepsin—Since pep- 
sin is inactivated by mercaptoethanol at pH values where no 
reduction of the disulfide bonds occurs, the question immediately 
arose whether the loss of activity in the pH range of 5.0 to 5.7 
was an action of the reagent independent of the process of reduc- 
tion. If mercaptoethanol is replaced by ethanol, glycol, or 


thiodiglycol, no reduction or inactivation takes place (Table II). 


Disulfide Linkages of Pepsin 


Vol. 236, No. 9 


Reactivity of Disulfide Groups—Because the primary object of 
this study was an investigation of the properties of reduced 
pepsin, it was essential to prevent reoxidation of the sulfhydry| 
groups formed. Moreover, as stated in the introduction, it was 
desirable to avoid the pH range and all conditions in which pep- 
sin is spontaneously denatured. N-Ethylmaleimide was, there. 
fore, chosen as a reagent for substitution because it reacts readily 
with sulfhydryl compounds at pH values below pH 6.0. In 
contrast to fluorodinitrobenzene, the resulting substituted pro- 
tein is soluble. 

As shown previously, pepsin, after reduction with 10% mer- 
captoethanol at pH 5.7 for 30 minutes, has six free —SH groups 
on titration with p-chloromercuribenzoate. If the protein is 
brought in contact with N-ethylmaleimide and the S-succinyl- 
cysteine determined chromatographically, the average of five 
determinations was 4.1 with a mean deviation of 0.2 (Table 
III). Since, however, six —SH groups were found in the 
assay with p-chloromercuribenzoate, it seems that not all sulf- 
hydryls had reacted with N-ethylmaleimide. Thus, in a second 
set of experiments, substitution was carried out with iodoacetate, 
a reagent successfully used for the alkylation of reduced ribo- 
nuclease and chymotrypsin (9). Table IV lists the results of 
these experiments. As in the case of N-ethylmaleimide, only 
four to five sulfhydryl groups were recovered as S-carboxy- 
methyleysteine (Experiments 1 to 7). Subsequently, alkylation 
was carried out in the presence of 8.0 m urea or 3.0 to 4.0 u 
guanidine hydrochloride. However, the number of S-carboxy- 
methyleysteine residues had not increased, nor does the presence 
of these reagents during reduction alter the results (Experiments 


TaBLe IV 


Recovery of S-carboxymethylcysteine after reaction of 
reduced pepsin with todoacetate 


Type of reagent present during 
| Reduction Substitution molecule 
1 | 5.7 4.3 
2 | 6.0 
3 | 4.1 
4 4.7 
5 4.1 
6 4.7 
7 6.7 4.5 
8 | 5.7 3.0 mM guanidine 4.5 
| hydrochloride 
9 | 4.0 m guanidine 5.0 
hydrochloride 
10 8.0 M urea 4.4 
11 5.7 8.0 mM urea 4.4 
12 5.2 3.0 mM guanidine | 4.6 
| hydrochloride 
13 5.5 8.0 M urea 3.3 
14 5.2 | 3.0m guanidine 3.0 m guanidine 5.9 
| hydrochloride hydrochloride 
15 | 5.0 | 4.0 m guanidine 4.0 m guanidine 5.5 
hydrochloride hydrochloride 
16 5.2 | 4.0 mM guanidine 4.0 m guanidine 6.5 
| hydrochloride hydrochloride 
17 | 5.5 | 8.0m urea 8.0 M urea 7.2 
18 | 5.8 | 8.0m urea 8.0 urea 4.4 
19 | 5.7 | 8.0m urea 8.0 mM urea 5.8 
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gto 11). One, therefore, is lead to the conclusion that mer- 
captoethanol reduces only two of the three disulfide linkages of 
pepsin, but that p-chloromercuribenzoate ruptures the —S—S— 
bond not attacked by the reducing agent. To render the third 
disulfide bond accessible to the action of mercaptoethanol, a 
“Joosening”’ of the structure of the pepsin molecules should 
precede reduction and has also to be retained during the sub- 
stitution reaction. Thus, if both reduction and alkylation were 
carried out in the presence of high concentrations of urea or 
guanidine hydrochloride, six SH groups reacted with iodoace- 
tate and were determined as S-carboxymethyleysteine (Experi- 
ments 14 to19). A similar result was obtained if N-ethylmaleim- 
ide was used for substitution under these conditions. 

Because it was not feasible to prepare fully reduced and sub- 
stituted pepsin in the absence of urea or guanidine hydrochloride, 
no attempt was made to investigate the physicochemical proper- 
ties. In this connection, it should also be mentioned that in all 
the experiments reduction takes place with a concomitant ag- 
gregation as shown by the polydispersity of the material in the 
ultracentrifuge. 


DISCUSSION 


In the first part of this communication, it has been shown that 
mercaptoethanol reduces enzymically active pepsin in the pH 
range of 5.0 to 6.0. No reduction occurs below pH 5.0, whereas 
above that pH value, the rate increases 300-fold with every 
tenth of a pH unit. In the presence of 8.0 mM urea and 3.0 or 
40 m guanidine hydrochloride, this pH interval is shifted, with- 
out expansion, to more acid values by 1.0 and 1.5 pH units, 
respectively. It is, therefore, apparent that the process is 
strongly dependent on the pH and on the composition of the 
reaction mixture. 

Pepsin in aqueous solvents is fully active between pH 5.0 
and 6.0 at which the shape of the protein molecule, as deduced 
from the viscosity, the sedimentation constant, and the op- 
tical rotatory properties, is indistinguishable from that at more 
acid pH values (8, 10). One must, therefore, assume that the 
greater reactivity of the disulfide bonds toward mercaptoethanol 
above pH 5.0 is due to a subtle change of the configuration as 
the pH approaches 6.0. Here, pepsin loses its activity, and a 
drastic unfolding of the polypeptide chain takes place (11). 
As reported previously, the fact that the presence of high con- 
centrations of urea or guanidinium ions loosens the secondary 
structure of the pepsin molecules explains readily that in the 
presence of these reagents the zone of reduction is shifted to 
lower pH values of the reaction mixture. Thus, our findings 
are reminiscent of those reported by Katchalski, Benjamin, and 
Gross (12), who ascribe the conversion of the unreactive 
—S—S— linkages of human and bovine serum albumin and 
bovine y-globulin into reactive linkages to changes in the con- 
figuration of the protein molecules. 

Another point of interest emerging from our results is the fact 
that the reduction of the pepsin is accompanied by an irreversi- 
ble loss of enzymic activity. Moreover, at any given pH below 
pH 6.0, the rate of inactivation exceeds that of reduction, sug- 
gesting that inactivation occurs already if only one or two di- 
sulfide bonds are ruptured. Thus, our results are in disagree- 


*The possibility also exists that mercaptoethanol causes un- 


folding already in the pH range of 5.0 to 5.5 which precedes inac- 
tivation. 
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ment with the observation of Kern (13), who reported that after 
reduction of one disulfide linkage, the enzyme is fully active. 
This apparent discrepancy may be due to the fact that Kern 
prepared partially reduced pepsinogen that subsequently was 
transformed into pepsin at acid pH values. Under the condi- 
tions of our experiments, reduction of one disulfide bond, how- 
ever, might affect the stability of the molecule and thus cause 
inactivation below pH 6.0. ; 

In the second part of this communication, it was shown that 
although six sulfhydryl groups are reactive if pepsin reduced 
with the aid of mercaptoethanol is assayed with p-chloromercuri- 
benzoate, only four to five S-substituted cysteinyl residues are 
found after treatment with iodoacetate or N-ethylmaleimide. 
It is quite likely that mercaptoethanol reduces two disulfide 
bonds only and that p-mercuribenzoate causes cleavage of the 
bond not attacked by the reducing agent. An alternate ex- 
planation, however, would be that the presence of p-mercuri- 
benzoate during the assay prevents reoxidation of the one bond 
that seems to be unreactive toward N-ethylmaleimide and iodo- 
acetate. To expose all three disulfide bonds to reduction with 
mercaptoethanol and subsequent substitution, it is not only 
necessary to loosen the configuration of the molecule with con- 
centrated solutions of urea or guanidine salts but also to retain 
the protein in the denatured form to make the six sulfhydryl 
groups accessible for substitution. 

The effect of p-chloromercuribenzoate to accelerate (14) or 
even promote cleavage of disulfide groups is of considerable 
interest. It is not unlikely that occurrence of charged groups 
in the vicinity of the cystine residues may partly account for 
such a phenomenon, particularly as it has been established by 
Cecil and McPhee that the cleavage of disulfide compounds by 
phenyl mercuric hydroxide, silver, or mercury ions can occur 
and is influenced by the net charge and their structure. 

We conclude that (a) the three cystine residues of pepsin 
vary in their reactivity, (6) reduction of as little as one disulfide 
group leads to an enzymic inactivation, which may proceed 
through a mechanism related to the “alkaline denaturation,” 
and (c) that a change of the conformation of native pepsin takes 
place above pH 5.0, thus making reduction by mercaptoethanol 
possible. The degree of denaturation or unfolding of the poly- 
peptide chain could not be assessed because even partially re- 
duced pepsin is highly aggregated below pH 6.0. 


SUMMARY 


1. Pepsin is reduced by mercaptoethanol in the pH range of 
5.0 to 5.7. The reduction, which leads to a loss of the enzymic 
activity, is strongly dependent on the pH of the reaction mix- 
ture. 

2. Although no reduction occurs in aqueous solution below 
pH 5.0, the pH range for reduction can be shifted to more acid 
values by 1.0 and 1.5 pH units in the presence of 8.0 Mm urea and 
3.0 or 4.0 m guanidine hydrochloride. 

3. The three disulfide bonds of pepsin are not equally reactive 
but become equally reactive if urea or guanidine hydrochloride 
are present in the reaction mixture. 
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The problem of linking two protein molecules by stable chemi- 
cal bonds interested us in connection with a specific application 
which we had in mind. It had occurred to us that antibody 
molecules could be labeled so as to be visible in electron micro- 
graphs by chemically coupling ferritin, a uniquely electron-dense 
protein, to antibody. In this manner, a general and specific 
electron stain might be prepared. In the course of our work, 
techniques have been developed which have not only made 
possible the preparation of such ferritin-antibody conjugates (1, 
2), but which are of some general significance for the problem of 
protein-protein coupling. Other applications of these techniques 
may have considerable biochemical and biophysical interest, and 
our methods are, therefore, presented in detail in this paper. 

Although a number of investigations has previously been made 
of the chemical cross-linking of protein molecules (3, 4), our 
approach has been different in several respects. We have been 
concerned to prepare binary soluble conjugates between two 
different proteins, and also to retain the biological activity of at 
least one of them (the antibody), and we have, therefore, char- 
acterized the products of the coupling reactions more intensively 
than heretofore. 

The simplest method to couple two protein molecules together 
is to employ some bifunctional reagent of low molecular weight, 
the functional groups of which react with groups on protein 
molecules. For this purpose, we settled on the use of diiso- 
cyanates, although many other types of reagents would probably 
be equally satisfactory. Conjugates of bovine serum albumin 
with bovine y-globulin, as well as of ferritin with rabbit anti- 
bodies, were prepared and investigated. 


EXPERIMENTAL PROCEDURE 


Proteins—BSA! and BGG were products of Pentex, Inc., Kan- 
kakee, Illinois. Crystalline, electrophoretically homogeneous 


* This work was carried out in part while S. J. S. was on leave 
from Yale University as a John Simon Guggenheim Memorial 
Fellow at the Virus Laboratory, University of California. The 
hospitality and stimulation proferred by members of the Virus 
Laboratory are gratefully acknowledged. We also wish to thank 
Dr. A. Sayigh of the Carwin Chemical Company for his generous 
cooperation and advice, and Drs. O. Stallmann and V. E. Shashoua 
of E. I. du Pont de Nemours and Company, Inc. for their helpful 
suggestions. These studies were supported by United States 


Public Health Service Grant E-1204(C4). 

t Contribution No. 1656. 

1The abbreviations used are: BSA, crystalline bovine serum 
albumin; BGG, y-globulin; RGG, rabbit y-globulin; XC, m-xylyl- 
ene diisocyanate; TC, toluene-2,4-diisocyanate. 


ferritin was prepared by a standard method (5) from freshly ob- 
tained horse spleens. At least six separately prepared batches 
were used successfully. The ferritin was recrystallized once, and 
was stored in crystals under mother liquor at 4°. RGG fractions 
containing antibodies to BSA or to bovine pancreatic RNase 
were similar to those used in other studies, and were stored as 
precipitates at 4° under 40% saturated (NH,)2SO, (6). 

Diisocyanates and Related Compounds—The diisocyanates used 
in these experiments were highly purified preparations which were 
the generous gifts of the donors indicated. They were used with- 
out further purification. The compounds included XC; b.p. 
140° at 3.5 mm, isocyanate equivalent 96%; TC, 4 m.p. 20°; 
toluene-2-isocyanate-4-isothiocyanate,® m.p. 33°; and 3-methoxy- 
diphenylmethane-4 , 4’-diisocyanate,? b.p. 192° at 0.8 mm. The 
preparation of m-xylylenediamine was quoted by the manufac- 
turer® to be 97+% meta compound and 2% para compound, 
m.p. 13-15°. 

Conjugation Procedures—Coupling reactions were carried out 
in two stages: (a) ferritin (or BSA) was reacted with a diiso- 
cyanate under one set of conditions, after which the excess un- 
reacted diisocyanate was removed; this was followed by (6) the 
addition of RGG (or BGG) to the diisocyanate-treated protein, 
generally under a second set of conditions. Two procedures 
which were most intensively investigated, and which have been 
successfully used in subsequent studies (1, 2), will now be de- 
scribed in detail. 

Conjugation Procedure with XC—(Stage 1.) To5mlofa1.5% 
solution of ferritin (or BSA) in sodium borate-boric acid buffer, 
pH 9.5, ['/2 0.1, at 0° was added 0.10 ml of XC. The XC, in 
heavy excess, is mostly insoluble in the aqueous phase. After 
vigorous magnetic stirring in an ice bath at 0° for 2 hour, the 
mixture was centrifuged in a Servall instrument in a cold room 
for hour at a speed (4000 to 6000 r.p.m.) sufficient to form a 
pellet of the unreacted diisocyanate without sedimenting any 
appreciable amount of ferritin. The supernatant solution was 
carefully removed by syringe to avoid contamination by some 
diisocyanate scum at the meniscus, and was allowed to stand 


2 Carwin Chemical Company, North Haven, Connecticut. 

3 Dr. V. E. Shashoua, Engineering Department, E. I. du Pont 
de Nemours and Company, Inc., Wilmington, Delaware. 

4This compound is available from National Aniline Division, 
Allied Chemical and Dye Corporation, 40 Rector Street, New 
York 6, New York. 

5 Dr. O. Stallmann, Organic Chemicals Department, E. I. du 
Pont de Nemours and Company, Inc., Wilmington, Delaware. 

6 California Chemical Company, San Francisco 20, California. 
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at 0° for an additional hour to allow any dissolved XC to react. 
(Stage 2.) This solution was then added to an equal volume of 
a 1.5% solution of RGG (or of BGG) containing specific anti- 
body in the above-mentioned borate buffer. (The 1.0 m NaCl 
added to this buffer in our earlier note (1) was found to be un- 
necessary.) A precipitate usually formed soon after mixing. 
After standing at 4° for 2 days, the mixture was dialyzed against 
0.1 or 0.01 m (NH4)2CO; to destroy any unreacted isocyanate 
groups on the conjugate. The precipitate was removed by 
centrifugation to leave a clear, stable solution. 

Conjugation Procedure with TC—The preparation of TC con- 
jugates differed from that of XC conjugates in some important 
details. (Stage 1.) To 5 ml of a 1.5% ferritin (or BSA) solu- 
tion in phosphate buffer, pH 7.5, ['/2 0.1, at 0° was added 0.10 
ml of TC. The latter is solid when stored under refrigeration, 
and was melted to remove a small portion. After vigorous 
stirring in an ice bath at 0° for 25 minutes, the mixture was 
centrifuged as above to sediment the unreacted diisocyanate, 
and the supernatant was carefully removed and allowed to 
stand an additional hour at 0°. (Stage 2.) The solution was 
then added to an equal volume of a 1.5% solution of RGG or 
BGG in borate buffer, pH 9.5, '/2 0.1, at 37°. The pH of the 
resultant mixture was close to 9.3. After 1 hour at 37°, the 
mixture was dialyzed against (NH,)2CO3. No _ precipitate 
formed at this stage of the conjugation reaction in contrast to 
the case with XC as coupling agent. For storage for any ap- 
preciable time, the solution of conjugates was subsequently 
dialyzed against a neutral buffer. 

Analytical Procedures—In order to determine whether and to 
what extent coupling had been produced in an experiment, elec- 
trophoretic analyses were carried out. Ferritin or BSA, before 
or after reaction with a diisocyanate, migrated much more 
rapidly at alkaline pH’s than y-globulin, and any conjugate 
was readily detected as a new peak with mobility intermediate 
to the mobilities of the parent molecules. A Perkin-Elmer 
model 38A Tiselius apparatus was used for these analyses. 
Electrophoresis was performed in three buffers of I'/2 0.1: phos- 
phate, pH 7.5; barbital, pH 8.6; and borate, pH 9.5. 

Ultracentrifugal analyses’ were carried out near 25° in a 
Spinco model E ultracentrifuge under conditions given in the 
legends of the appropriate figures. 

Optical density measurements were made in a Beckman 
model DU spectrophotometer. 

Various methods for determining protein concentration were 
employed, depending on the nature of the particular sample 
under study. A satisfactory and convenient analysis of ferritin 
solutions was made spectrophotometrically, by assigning an 
optical density of 1.00 in a cell of 1.0 cm path length at > 4400 
A to a solution containing 0.13 mg of ferritin Fe per ml in bo- 
rate buffer, pH 9.5, °/2 0.1. This figure was determined by Fe 
analyses of ferritin solutions with the o-phenanthroline proce- 
dure. Taking the average Fe content of ferritin as 20% of the 
total weight of the protein (5), the optical density 1.00 is, there- 
fore, equivalent to 0.65 mg of ferritin protein per ml. For 
BSA, BGG, and RGG solutions which were dialyzed against 
some particular buffer, refractive increment measurements on a 
Brice-Phoenix differential refractometer were utilized to deter- 
mine protein concentrations. Where other types of protein 


7 We are indebted to Dr. Howard K. Schachman and Miss Jean 
Miller for performing these analyses. 
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concentration measurements were made, these are mentioned 
at the appropriate places in the text. 

Ninhydrin analyses were performed to determine the relative 
free amino group content on various derivatives of BSA. To 
1.0 ml of protein solution was added 1.0 ml of 10% pyridine and 
1.0 ml of 2% ninhydrin. The mixture was placed in a boiling 
water bath for 20 minutes, then cooled and diluted to 50 ml, 
The optical density of the solution was measured at 570 my 
against a reagent blank. About six dilutions of each solution 
were analyzed, and the optical density was plotted as a linear 
function of protein concentration. It was found that the 
straight lines did not pass through the origin, and the slopes de- 
creased regularly with decreasing free amino content of the BSA 
derivative. Calculated plots of optical density versus protein 
concentration for different free amino group contents were 
drawn on the assumption that f = (Casa/C u-ssa) op, where f 
is the ratio of the number of free amino groups on modified BSA 
molecules to the number on unmodified BSA, and Casa and 
Cw-ssa are the concentrations of BSA and modified BSA, re- 
spectively, required to give the same optical density in the nin- 
hydrin analysis. The value of f for a particular preparation 
was then determined from the calculated line which best fit the 
experimental data. 


RESULTS 


BSA-BGG Coupling by XC—Upon subjection to electrophore- 
sis at two pH values a mixture of BSA and BGG which had been 
coupled by XC according to the procedure described above, the 
patterns shown in Figs. la and ¢ were obtained. Besides the 
fastest-moving peak attributable to XC-modified, but u- 
coupled, BSA, and the slowest-moving peak due to uncoupled 
BGG, intermediate peaks are evident which are due to con- 
jugates of the two. XC-modified BSA itself exhibited only one 
peak under these electrophoretic conditions. If the time of 
reaction of BSA with XC in the first stage was 15 minutes in- 
stead of 45, the degree of conjugation with BGG in the second 
stage was too low, whereas longer than 75 minutes of reaction 
time caused the modified BSA to become insoluble. Changing 
the ionic strength of the buffer in the second stage of the reac- 
tion from 0.1 to 1.1 had no observable effect on the degree of 
conjugation. 

After such preliminary studies, however, we became concerned 
to determine whether the protein-protein coupling induced by 
XC was entirely by stable covalent linkage, or whether some 
kind of noncovalent and possibly reversible interaction was in- 
volved. The electrophoretic criterion for coupling clearly could 
not distinguish between these two mechanisms. To this end, 
the BSA that had been reacted with XC, but to which the BGG 
had not yet been added, was dialyzed for 24 hours at 4° against 
a buffer containing ethylenediamine and boric acid, pH 9, 
T'/20.1. The heavy excess of amine was expected to react with 
any isocyanate groups on the surface of the BSA molecules to 
give the unreactive product, 


—CH:NHCONHCH.CH.NH: 


which would then no longer be capable of combining with subs: 
quently added BGG. (The reason for using ethylenediamint 
rather than some other primary amine will be made clear later) 
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Fic. 1. Descending electrophoresis patterns of the products of 
conjugation of BSA and BGG by XC. a, without, and b, with, 
an intermediate treatment with ethylenediamine, both examined 
in borate buffer, pH 9.5, '/2 0.1; c, without, and d, with, an inter- 
mediate treatment with ethylenediamine, both examined in phos- 
phate buffer, pH 7.5, 7/2 0.1. The peaks labeled BSA and BGG 
represent XC-modified uncoupled BSA and uncoupled BGG, re- 
spectively, and the peaks between are due to conjugates of the 
two. The direction of migration is shown by the arrows. 


If coupled species appeared in such mixtures that had been sub- 
jected to an intermediate treatment with ethylenediamine, their 
formation could be ascribed to a noncovalent type of linkage. 

Parallel experiments on the conjugation of BSA and BGG by 
XC as described above were, therefore, carried out with and 
without intermediate treatment with ethylenediamine, and the 
final products of these reactions were examined electrophoreti- 
cally both at pH 7.5 and 9.5. From these experiments, which 
are reproduced in Fig. 1, it is evident that some noncovalent 
association did indeed occur in this system, which was reduced 
at pH 9.5 compared to pH 7.5. 

In view of these results, it was decided to explore further some 
aspects of the chemistry of the coupling reaction with XC. One 
aspect which is of evident concern is the number of XC residues 
attached per BSA molecule in the first stage of the reaction. 
in order to obtain a reliable estimate of this number, advantage 
was taken of the changes in the ultraviolet absorption spectrum 
of BSA produced by the aromatic residues of XC. It was as- 
sumed that absorption of the BSA-XC conjugates in phosphate 
buffer, pH 7.5, '/2 0.1, in the range \ = 2600 to 2800 A, was the 
sum of contributions of its BSA and XC contents. The contribu- 
tion of BSA was determined from the data of Rideal and Rob- 
erts (7), taking the spectrum at pH 7.5 to be the same as at 
pH 6.0. The contribution of XC, as a good first approximation, 
was taken as the molar equivalent of that of m-xylylenedia- 


2479 


mine in the phosphate buffer. BSA has a maximal absorption 
at 2775 A where m-xylylenediamine absorbs very little, whereas 
the latter has an absorption maximum at 2600 A, close to a 
minimum for BSA (Fig. 2). Therefore, a spectral analysis of a 
standard type was carried out. Optical density (OD) deter- 
minations with BSA-XC conjugates were made at 2775 A and 
2600 A, and the concentrations in grams per 100 ml of BSA 
(Cssa) and m-xylylenediamine (Cxp) equivalents were calcu- 
lated from the following simultaneous relations: 


ODoe175 = 6.74 Casa + 0.70 Cxp 
OD 200 = 3.85 Casa + 16.9 Cxp 


BSA-xXC-I5 
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Fic. 2. Absorption spectra of BSA and the products of its re- 
action with XC, examined in phosphate buffer, pH 7.5, r'/2 0.1. 
XD, m-xylylenediamine, 0.052 g/100 ml; BSA-XC-16, the product 
of the XC reaction stopped after 15 minutes, spectrally equivalent 
to 0.076 g of BSA/100 ml plus 0.017 g of XD/100 ml (see text for 
analysis); BSA-XC-45, product of reaction stopped after 45 min- 
utes, equivalent to 0.073 g of BSA/100 ml plus 0.060 g of XD/100 
ml. BSA spectrum taken at 0.130 g/100 ml. 
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In this manner the data in columns 3 and 4 of Table I were de- 
rived. Results are given for BSA-XC conjugates prepared as 
described above for the first stage of the reaction, except that 
portions of the reaction mixture were removed 15, 45, and 75 
minutes after the start of the reaction, were separately centri- 


TaBLeE I 
Properties of BSA reacted with XC 


€ tra- | | 
Reaction ‘tion of, Moles of Moles 
t ‘ou mole 0 
min | g/100 mi g/100 ml | % | 
15 — | 1.14 | 0.36 160 | 70 =. 
45 - 1.09 0.90 423 | 43 | 12 
75 | - 1.09 1.21 S71 | 42 16 
| + | 1.06 | 0.80 | | 47 | 


* By ultraviolet spectral analysis given in text. 
+ In terms of unmodified BSA having 100% NH: groups present. 


Fia. 3. Descending electrophoresis patterns of the products of 
the conjugation of BSA and BGG by TC. a,c, andenot subjected 
to intermediate treatment with ethylenediamine, and examined 
in borate buffer, pH 9.5, '/2 0.1; barbital buffer, pH 8.6, F'/2 0.1; 
and phosphate buffer, pH 7.5, 1/2 0.1, respectively. 6, d, and f 
correspond to a, c, and e, respectively, except that they were 
treated with ethylenediamine. The peaks correspond to those 
in Fig. 1. 
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fuged, dialyzed thoroughly against the phosphate buffer, and 
then analyzed spectrophotometrically. The same preparations 
were analyzed by ninhydrin to determine the loss of lysine 
€-amino groups on BSA which had occurred upon reaction with 
XC (column 6, Table I). 

Another aspect of the chemistry of the conjugation reaction 
which concerned us was the average number of isocyanate 
groups on the surface of a molecule of BSA-XC conjugate at 
the end of Stage 1 of the reaction which was actually available 
for attack on BGG in Stage 2. Since isocyanate functions react 
with OH~ as well as amine groups, XC residues which had been 
attached at one end to BSA might have had their second iso- 
cyanate group destroyed before the BGG was introduced. Di. 
rect analyses of isocyanate groups did not appear feasible, but a 
convenient indirect method was devised. By rapidly quenching 
the BSA-XC conjugate with the bifunctional amine, ethylene- 
diamine, a free aliphatic amine group was attached to the con- 
jugate wherever an isocyanate group had been available after 
Stage 1 of the reaction. The number of such isocyanate groups 
was then obtained by ninhydrin analyses for primary amine 
functions, after thorough dialysis of the ethylenediamine-treated 
conjugates against phosphate buffer. The results of these ey- 
periments are given in Table I. 

BSA-BGG Coupling by (TC)—Conjugates of BSA and BGG 
prepared with TC as the coupling agent were investigated in a 
similar manner as the XC conjugates. Parallel conjugation 
experiments were carried out by the procedure described in the 
section on “Experimental Procedure’, with and without an 
intermediate dialysis against the ethylenediamine-boric acid 
buffer, and the products of these reactions were examined elec- 
trophoretically at three pH values, 7.5, 8.6, and 9.5. The 
electrophoresis patterns are shown in Fig. 3. It is clear that 
BSA-BGG conjugates had formed without intermediate treat- 
ment with ethylenediamine, but were not detectable in the cases 
with such treatment. This is in contrast to the behavior of the 
corresponding XC conjugates (Fig. 1). 

If the reaction of BSA with TC was carried out for 15 min- 
utes at 0° in acetate buffer, pH 5.05, ['/2 0.1, instead of in phos- 
phate buffer, pH 7.5, no BSA-BGG coupling was observed upon 
addition of the BGG in borate butfer, pH 9.5, I'/2 0.1, at 37° 
for 1 hour. 

A convenient spectral analysis of the number of TC groups 
that had been coupled to BSA was not feasible for lack of a 
suitable water-soluble compound to serve as a spectral reference, 
as m-xylylenediamine had served for the BSA-XC conjugates. 
Ninhydrin analyses were performed, however, with samples of 
BSA-TC conjugates which, after the usual centrifugation step, 
either (a) had been dialyzed directly against phosphate buffer, 
or (b) had first been dialyzed for 24 hours at 4° against the 
ethylenediamine-boric acid buffer, and then exhaustively against 
the phosphate buffer. From the former analysis, the number of 
lysine ¢-amino groups on BSA which had reacted with TC was 
determined; and, from the latter, we obtained the number of 
BSA-attached isocyanate groups which was available after the 
first stage of the conjugation reaction. The concentration of 
protein in these solutions was determined by Folin analyses, 
on the reasonable assumption that the tyrosines of BSA had 
not been affected by reaction with TC at pH 7.5 (8). The 
data are given in Table II. 

It was of interest to investigate the distribution of sizes i 
BSA-BGG conjugates produced by TC. To this end, ultra 
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centrifugal analyses were performed with solutions in borate 
buffer, pH 9.5 T'/2 0.1, of BSA-TC conjugates after Stage 1 of 
the reaction; and BSA-BGG conjugates were prepared without 
and with intermediate ethylenediamine treatment, correspond- 
ing to the solutions examined electrophoretically in Fig. 3a and 
3b, respectively. The ultracentrifuge patterns are shown in 
Fig. 4. Their significance will be discussed below. 

BSA-BGG Coupling Experiments with Other Diisocyanates— 
After having discovered that BSA-BGG coupling by XC was 
partly by noncovalent linkage, a number of other diisocyanates 
was screened in order to achieve an entirely covalently-linked 
conjugate, before success was attained with TC. The com- 
pound, 3-methoxydiphenylmethane-4 ,4’-diisocyanate, reacted 
extensively with 1.5% BSA after stirring at 0° for 45 minutes 
both in acetate buffer, pH 5.05, ['/2 0.1, and in phosphate 
buffer, pH 7.5, ['/2 0.1, as judged by the change in ultraviolet 
absorption spectra of the BSA in the centrifuged and dialyzed 
solutions. If, however, after Stage 1 of these reactions, an equal 
volume of 0.9% BGG was added in borate buffer, pH 9.5, ['/2 
0.1, and the mixture was dialyzed against the same buffer at 
room temperature for 48 hours, there was no indication by elec- 
trophoretic analysis that any BSA-BGG coupling had taken 
place. 

With the compound, toluene-2-isocyanate-4-isothiocyanate, 
reaction with 1.59% BSA in phosphate buffer, pH 7.5, ['/2 0.1, 
for 45 minutes at 0° led to the formation of a colloidal suspen- 
sion not completely clarified by Sorvall centrifugation under 
conditions which resulted in clear solutions with XC and TC 
conjugates of BSA. Addition of an equal volume of 1.59% BGG 
in borate buffer, pH 9.5, ['/2 0.1, followed by dialysis of the 
mixture against the borate buffer for 24 hours at room tempera- 
ture, yielded an opalescent solution exhibiting conjugate forma- 
tion in electrophoresis (Fig. 5a). In order to decrease the for- 
mation of larger aggregates responsible for the opalescence, 
Stage 1 of the reaction was carried out for only 25 minutes. 
The product solution was then divided into two portions. To 
one, BGG in borate buffer, pH 9.5, ['/2 0.1, was added and the 
mixture kept at 37° for 1 hour. The other was dialyzed for 24 
hours at 4° against ethylenediamine-boric acid buffer, pH 9.5, 
'/2 0.1, before the addition of BGG. The two mixtures were 
then thoroughly dialyzed and examined electrophoretically 
(Fig. 5b and c). The amount of conjugate formed was small, 
but was completely covalently-linked, as indicated by its ab- 
sence in the ethylenediamine-treated solution. Inasmuch, how- 
ever, as better results were obtained with TC as the coupling 
agent, no further studies of these conjugates were carried out. 

Ferritin-Antibody Coupling Experiments—The coupling of 
ferritin and RGG by XC was achieved immediately after the 
first successful experiments with the BSA-BGG system. The 
electrophoretic evidence for the formation of ferritin-RGG con- 
jugates (Fig. 6), with essentially the XC procedure described in 
the “Experimental Procedure” section, was part of the basis for 
our initial paper (1). It was found that, when Stage 1 of the 
coupling reaction was carried out for 45 minutes, the residual 
free amino group content of the modified ferritin, as measured 
by the Van Slyke manometric method,’ was 43% of the original, 
a number which is similar to the corresponding one obtained 
with BSA (Table I) by ninhydrin analyses. 

As with the BSA-BGG conjugates prepared with XC, how- 


* The color of ferritin interfered with the ninhydrin assay. 
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TaB_e II 
Properties of BSA reacted with TC 


Reaction time ‘Ethylenediamine treatment NHz groups present* 


min 


| % 
25 = 82 
25 ~ | 99-100 


* In terms of unmodified BSA having 100% NH: groups present. 


Fic. 4. Ultracentrifuge patterns of the products of the differ- 
ent stages in the conjugation of BSA and BGG by TC, examined in 
borate buffer, pH 9.5, P/20.1, at 59,780 r.p.m. Two patterns from 
each of three experiments are shown, left one taken 32 minutes 
after full speed was attained, right after 56 minutes. Sedimenta- 
tion occurs to the right. a, the product of Stage 1 of the reaction 
of BSA with TC; b, the conjugated mixture of BSA and BGG, not 
subjected to an intermediate treatment with ethylenediamine; 
and c, the same mixture as b treated with ethylenediamine. 6 
corresponds to the solution examined electrophoretically in Fig. 
3a; c corresponds to Fig. 3b. Peak designations: BSA, TC-modi- 
fied but uncoupled BSA; BGG, uncoupled BGG; C, BSA-BGG 
conjugate; D, BSA dimer; GD, BGG dimer. 


Fic. 5. Descending electrophoresis patterns of the products of 
conjugation of BSA and BGG by toluene-2-isocyanate-4-isothio- 
cyanate, examined in borate buffer, pH 9.5, 1/2 0.1. a, Stage 1 
of the reaction was carried out as described in text for 45 minutes, 
b and c for 25 minutes. a and b, without, and c, with, an inter- 
mediate treatment with ethylenediamine. Peaks correspond to 
those of Fig. 1. 
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Fig. 6. Descending electrophoresis patterns of initial conjuga- 
tion experiments in the ferritin-RGG system, examined in barbital 
buffer, pH 8.6, 1/2 0.1. a, the products of the conjugation of 
ferritin and RGG by XC, after 7000 seconds at 0.006 amp; 5, a 
mixture of unreacted ferritin and RGG after 7500 seconds at 0.006 
amp. The direction of migration is indicated by the arrows. Peak 
designations: F, ferritin; RGG, ancoupled RGG; F-XC, XC-modi- 
fied but uncoupled ferritin; C, ferritin-RGG conjugate. F-XC 
migrates more rapidly as an anion than F because of removal of 
free ammonium groups of ferritin by reaction with XC. 


Fic. 7. Descending electrophoresis patterns of the products of 
conjugation of ferritin and RGG by TC, examined in borate buffer, 
pH 9.5, /20.1. a, without, and b, with, an intermediate treat- 
ment with ethylenediamine. The direction of migration is in- 
dicated by the arrows. The peaks labeled F and RGG are due to 
TC-modified, uncoupled ferritin and uncoupled RGG, respec- 
tively, whereas peak C in a is due to ferritin-RGG conjugates. 


Fic. 8. Ultracentrifuge patterns in the ferritin-RGG system. 
a, ferritin-RGG conjugates produced by TC; 6, mixture of un- 
modified ferritin and RGG. Both experiments in borate buffer, 
pH 9.5, 1/2 0.1, after 24 minutes at 31,410 r.p.m. Sedimentation 
occurs to the right. Peak designations: RGG, uncoupled RGG; 
A, apoferritin contaminant of the ferritin preparation; F-7C, 
TC-modified, uncoupled ferritin; C, ferritin-RGG conjugate; F, 
ferritin. 
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ever, a treatment of the XC-modified ferritin with an isocyanate. 
quenching reagent ((NH,).CO; was used in this experiment) 
after Stage 1 of the reaction did not eliminate the formation of 
ferritin-RGG conjugates upon addition of RGG. Furthermore, 
after Stage 2 of the reaction, variable and sometimes large 
amounts of precipitate formed. 

With the introduction of TC as a more suitable coupling 
agent, parallel experiments were performed with it in the cou- 
pling of ferritin and RGG, with and without an intermediate 
treatment with ethylenediamine. The procedure in the “Ey. 
perimental Procedure’ section was used, except that, after 
Stage 1 of the reaction, one portion of the mixture was dialyzed 
for 24 hours at 4° against the ethylenediamine-boric acid buffer, 
pH 9.5, ['/2 0.1, after which Stage 2 of the reaction was carried 
out. The other portion was put through Stage 2 without an 
intervening dialysis. These two solutions, after thorough dialy- 
sis against borate buffer, pH 9.5, '/2 0.1, were analyzed electro- 
phoretically (Fig. 7). It may be observed, in accord with the 
results of the TC coupling of BSA and BGG (Fig. 3), that con- 
jugates formed in the solution with no intermediate exposure to 
ethylenediamine, but were absent in the exposed solution. 

In the ultracentrifuge, no clear changes in sedimentation be- 
havior were produced by the conjugation reaction (Fig. 8). The 
distribution of iron contents in a population of ferritin molecules 
results in a marked boundary spreading in ultracentrifugation 
(9), and the effects of coupling of a y-globulin molecule (s ~ 7) 
to a TC-modified ferritin molecule (average s ~ 65) apparently 
were not distinguishable against the background of the ultra- 
centrifugal heterogeneity of ferritin itself. 


DISCUSSION 

In the initial phase of these studies, the choice of a bifune- 
tional coupling agent was determined by several factors. The 
desired reagent was to react reasonably specifically with par- 
ticular groups on protein molecules to give stable covalent links; 
its reactivity was to be sufficiently great so as to function under 
mild conditions, yet not so great as to decompose too rapidly in 
the reaction medium; and it was to be readily available in rea- 
sonable purity. A diisocyanate? was employed because iso- 
cyanate groups are known to react at alkaline pH primarily 
with NHe» groups on proteins (8) to give stable ureido linkages, 
and XC was chosen for the lower reactivity of its primary ali- 
phatic isocyanate groups compared to aromatic ones. 

The XC was originally added to a mixture of two proteins, 
and coupling was indeed produced under the appropriate condi- 
tions. However, if antibody was present in this mixture, it 
was found to have been inactivated by direct reaction with XC. 
The two-stage reaction procedure was, therefore, introduced in 
which only one of the two proteins was exposed to the diiso- 
cyanate reagent, forming an intermediate which was isolated 
and then added to the second protein. 

The two-stage reaction procedure was also very useful in de- 
termining the nature of the protein-protein coupling observed 
in electrophoresis. The addition of an isocyanate-quenching 
agent after the first stage of the reaction permitted a determina- 
tion of whether isocyanate groups introduced on the surface of 
the first protein were essential for its conjugation to the second. 
In this way, it was shown that, with XC-produced protein-pro- 


° We are grateful to Dr. Martin Saunders for suggesting the 
use of a diisocyanate. 
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tein conjugates, a substantial degree of noncovalent linkage was 
involved (Fig. 1b, d). The fact that more conjugate was formed 
in the unquenched mixture than in the quenched suggests that 
some covalent protein-protein linkage was also produced in the 
reaction. 

Investigation of some of the chemistry of the first stage reac- 
tion of XC with BSA revealed several interesting, but, for our 
purposes, undesirable, features. Over 400 XC groups were 
coupled per BSA molecule after 45 minutes of reaction time at 
(° in borate buffer, pH 9.5, '/2 0.1, and nearly 600 groups per 
molecule after 75 minutes (Table I). For every amino group 
on BSA that had reacted, according to ninhydrin analyses, 12 
XC groups at 45 minutes and 16 at 75 minutes had become at- 
tached. These data suggest that some kind of polymerization 
process was involved. Since the XC itself was monomeric, as 
indicated by its isocyanate equivalent, among other properties, 
the polymerization would have had to occur on the surface of 
the protein during the reaction. One possible explanation is 
that, after an amino group on the protein had reacted with one 
isocyanate function on a XC molecule, the second isocyanate 
function might have hydrolyzed to the unstable carbamic acid 
which rapidly decomposed to give the aromatic amine, and this 
amine might then have reacted with another XC molecule, and 
so on, to form a short linear polymer chain. The chain might 
have been terminated by reaction with another protein amine 
group on the same or a different BSA molecule. 

This scheme is also consistent with the finding that, after the 
first stage of the reaction with XC, only a very small fraction of 
protein-attached isocyanate groups was available, as determined 
by the uptake of ethylenediamine by XC-modified BSA (Table 


Although this type of protein modification could conceivably 
be of interest in other problems, it has several disadvantages for 
our purpose. The large accumulation of aromatic residues on 
the surface of the BSA or ferritin molecules apparently favored 
the formation of noncovalent hydrophobic bonds with y-glob- 
ulin. These bonds were reversibly dissociated with increase of 
pH from 7.5-to 9.5 (Fig. 1b, d), presumably because of the in- 
creased electrostatic repulsions between the protein molecules at 
the higher pH. 

To make a conjugate which was exclusively covalently linked, 
and to take full advantage of the two-stage method of conjugate 
preparation, it was next decided to employ a compound with 
two differentially reactive functional groups. In this manner, 
the first protein could be treated with the reagent under condi- 
tions in which only the more reactive functional group would 
react with the amine groups of the protein, leaving the second 
less reactive functional group in large part available for reaction 
with the second protein under different conditions. 

A number of diisocyanates and related compounds which were 
available were investigated in a preliminary manner. The 4’- 
isocyanate group of the compound, 3-methoxydiphenylmethane- 
4,4’-diisocyanate, readily reacted with BSA in the first stage of 
the reaction, but the isocyanate group in the 4-position, steri- 
cally hindered by the methoxy group ortho to it, was apparently 
too unreactive to combine with BGG at pH 9.5. Somewhat 
better results were obtained with toluene-2-isocyanate-4-iso- 
thiocyanate, the isocyanate function of which is more reactive 
than its isothiocyanate.!° The best results, however, were 


Stallmann, personal communication. 
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TaB_e III 
Electrophoresis of BSA-BGG conjugates made with TC* 


Relative areas 
Ethylenediamine 
treatment | 


BSA Conjugates | BGG 

% 
42 41 17 
+ 59 


* From patterns obtained in borate buffer, pH 9.5, r'/2 0.1, 
Fig. 3a, b. 


achieved with TC. In this compound, the p-isocyanate group 
is considerably more reactive than the ortho group. For ex- 
ample, it is approximately 8 times more reactive toward n-bu- 
tanol at room temperature in the presence of an amine catalyst 
(10). 

It was found that, if the isocyanate groups on TC-modified 
BSA or ferritin were quenched by reaction with ethylenediamine, 
essentially no conjugate was formed on subsequent addition of 
y-globulin (Fig. 3b). On the other hand, without the quenching 
step, a considerable amount of conjugate formed (Fig. 3a). 
Furthermore, practically all of the protein-bound isocyanate 
groups of TC-modified BSA were available after the first stage 
of the reaction, as judged by the uptake of ethylenediamine 
(Table II). The reasonable conclusion from these results is that 
the protein-protein conjugates prepared with TC were bound 
together through covalent, most probably ureido, linkages. 

It is also noteworthy that comparable amounts of conjugates 
were formed with TC as coupling agent as with XC, in spite of 
the fact that substantially fewer amino groups of BSA were 
modified in the first stage of the reaction in the former case 
(Table II). From the area of the conjugate boundary in the 
electrophoresis pattern (Fig. 3, Table IIT), it follows that about 
40% of the total protein in the TC-conjugated BSA-BGG mix- 
ture had been coupled together, which is a satisfactory yield. 

Further information concerning the composition and size of 
the conjugates can be obtained from a quantitative interpreta- 
tion of their ultracentrifugal and electrophoretic properties. 
First of all, ultracentrifugation of TC-modified BSA itself showed 
that in the first stage of the reaction some self-coupling of BSA 
had occurred, mostly to the dimer form as inferred from the 
observed sedimentation constant, s20,~, of 6.3 S (11) for the peak 
labeled D in Fig. 4a. In the ultracentrifuge patterns of a solu- 
tion of TC-produced BSA-BGG conjugates, in addition to the 
peaks due to uncoupled BSA and BGG," there appeared pri- 
marily a single peak (C in Fig. 4b) ascribable to conjugates, 
which was negligible” in the ethylenediamine-quenched solution 
(Fig. 4c). The observed value of s2,.. = 7.4 S for this peak, 
compared to values encountered with very similar antigen-anti- 
body complexes formed between BSA and specific rabbit anti- 
body y-globulin (12, 13), suggests that the conjugates were 
primarily of the 1 BSA:1 BGG and 2 BSA:1 BGG types, since 
larger aggregates would have sedimented more rapidly. 

The average composition of the TC-conjugates was estimated 
from the electrophoresis patterns of Fig. 3 as follows. The area 


1 The peak sedimenting at the rate of BGG in Fig. 4b, c also 
contains the BSA dimer seen in Fig. 4a. 

12 The small peak sedimenting faster than BGG in Fig. 4c is 
due to BGG dimer originally present in the BGG preparation, 
and not to BSA-BGG conjugates. 
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under the faster-moving peak in Fig. 3b is proportional (neg- 
lecting electrophoretic anomalies) to the total amount by weight 
of BSA originally used in the conjugation experiment of Fig. 
3. The area under the fastest-moving peak in Fig. 3a is pro- 
portional to the amount by weight of BSA left unconjugated 
at the end of the reaction. After normalizing the two areas, the 
former minus the latter is proportional to the amount by weight 
of BSA in the BSA-BGG conjugates. Correspondingly, the 
weight of BGG in the conjugates is proportional to the difference 
between the normalized areas of the unconjugated BGG peaks 
in Fig. 3b and a. The ratio of weights of BSA and BGG in the 
conjugates, multiplied by the molecular weight ratio of BGG to 
BSA (1.6 X 10°/7 X 10%), give the number of BSA molecules 
conjugated to one BGG molecule, averaged over all of the con- 
jugates present. From the area data of Table III, this number 
is 1.6 + 0.1, corresponding to a roughly equal number of 1 BSA:1 
BGG and 2 BSA:1 BGG species in the mixture. The latter 
conjugate would be expected to have a substantially larger elec- 
trophoretic mobility than the former (14), and this is no doubt 
responsible for the partial separation into two roughly equal parts 
of the boundaries due to the conjugates in Figs. 1 and 3. 

It appears probable that the major part of the 2 BSA:1 BGG 
conjugate was formed as a result of some initial dimerization of 
TC-modified BSA in the first stage of the conjugation reaction 
(Fig. 4a), followed by the coupling of part of the dimers to single 
BGG molecules in the second stage, rather than as a result of 
separate attacks of two TC-modified BSA molecules on single 
BGG molecules. A more exclusively 1:1 conjugate might be 
made, therefore, by substituting for TC a reagent with a wider 
separation of activities of its two functional groups, so as to 
eliminate first stage dimerization reactions. A molecule con- 
taining one unhindered aromatic isocyanate and one primary 
aliphatic isocyanate function suitably distant from one another, 
such as, for example, hexahydrobipheny1-4,4’-diisocyanate (15), 
would likely represent an improvement over TC in this regard. 

Similar quantitative studies of ferritin-y-globulin conjugates 
produced by TC were not directly feasible. The heterogeneity 
of ferritin obscured any changes in the ultracentrifuge patterns 
of the conjugated compared to the unconjugated mixture (Fig. 
8). This at least shows, however, that no gross aggregation of 
the proteins had been produced by the conjugation reactions. In 
order to make quantitative use of the areas in the electrophoresis 
patterns of Fig. 7, as was done with the BSA-BGG conjugates 
of Fig. 3, it would be necessary to know the specific refractive 
increment of ferritin compared to that of y-globulin. This data 
is not available. Alternatively, a study of conjugates prepared 
with apoferritin instead of ferritin would yield quantitative data 
on the composition of ferritin conjugates, since apoferritin has 
all of the protein chemical properties of ferritin, but is ultra- 
centrifugally homogeneous (9) and most probably has a specific 
refractive increment typical of other proteins. This was not 
undertaken, however. We assume that, in nature and composi- 
tion, the ferritin-y-globulin conjugates were closely similar to 
the corresponding BSA-BGG conjugates. Consistent with this 
are the facts that (a) the amount of conjugate formed under the 
same reaction conditions was about the same for the two systems, 
and (6) the electrophoretic mobility of the ferritin-y-globulin 
conjugate peak (Fig. 7) was that expected of a predominantly 
1:1 species.*» 4 It was found that ferritin-antibody conjugates 


13 If we make the rough approximation that the electrophoretic 
mobility, ue, of a conjugate is given by we = Dwi: (14), where w; 


prepared either with XC or TC as coupling agent retained a syb. 
stantial capacity to react with the antigen specific for the anti. 
body employed. These conjugates have also been shown to 
have properties suitable for use as specific electron stains fo; 
electron microscopy. These studies have been described in g 
separate paper (2), and in reports from other laboratories (16, 
17), and will, therefore, not be discussed here. 

Concerning the possible generality of these methods of pre. 
paring binary protein-protein conjugates, it should first be noted 
that the ferritin-y-globulin and BSA-BGG systems are fairly 
similar. On the one hand, ferritin and BSA have similar electro. 
phoretic mobilities (and, hence, surface charge densities) at the 
pH of the conjugation reaction (pH 9.5), and, on the other hand, 
of course, rabbit and bovine y-globulins are closely related 
species. It is possible that the success we achieved with the 
conjugation procedure used depended, in part at least, on the 
relative charges of the two protein molecules which were con- 
jugated. Electrostatic repulsions between relatively highly 
charged ferritin (or BSA) molecules may have retarded self. 
coupling reactions and favored conjugation to the less highly 
charged y-globulin molecules. It would be interesting from this 
point of view to reverse the conjugation procedure and modify 
y-globulin with a diisocyanate in the first stage of the reaction, 
then add the ferritin (or BSA) to it in the second stage, and 
compare the extent and nature of the conjugation so obtained 
with our conventional procedure. This was not attempted at 
the time, however, because for our purposes this procedure would 
have inactivated the antibody. In general, should electrostatic 
forces be found to play an important role in the conjugation 
process, the more highly charged of two proteins to be conjugated 
should be employed in the first stage of the reaction, and the less 
highly charged protein added in the second. 

If it were considered desirable to isolate the conjugates from 
the unconjugated parent molecules, some zone electrophoretic or 
chromatographic procedure would probably work, in view of the 
resolution observed in moving boundary electrophoresis (Figs, 
3 and 7). By subjecting a TC-produced ferritin-antibody con- 
jugate mixture to high speed centrifugation, a partial purification 
of the conjugate was very simply achieved (2). The ferritin- 
antibody conjugate together with the unconjugated ferritin was 
completely sedimented into a pellet, with most of the uncon- 
jugated antibody in the supernatant. The pellet was entirely 
soluble. 

Finally, with respect to possible interest in the preparation of 
binary protein conjugates other than those of ferritin with anti- 
body, several suggestions might be made. For example, by 
exposing a population of cells to a conjugate, rather than a simple 
mixture, of two different viruses, one might obtain more signifi- 
cant information than has hitherto been possible concerning the 
competence of a single cell to permit the propagation of two 
different viruses with which it was perforce simultaneously in- 


is the weight fraction in the conjugate of the component the mo- 
bility of which is u;, then it follows in this case that (ue — uc)/ 
(ur — uc) = wr, where the subscripts F and G refer to ferritin and 
RGG, respectively. From the mobilities in the electrophoresis 
pattern of Fig. 7, wr = 0.7; the calculated value from the compos! 
tion of a 1:1 conjugate of ferritin and RGG, taking the molecular 
weights as 470,000 (9) (see footnote 14) and 160,000, respectively, 
is we = 0.75. The agreement is satisfactory. ; 

14 Since the electrophoretic mobilities of ferritin and apoferritin 
are the same, only the protein part of the ferritin molecule need 
be taken into account in this calculation. 
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fected. Similarly, with a conjugate of two different antigens, 
the competence of a single cell to produce simultaneously more 
than one kind of antibody could be studied. In still another 
direction, the conjugation of two related enzymes might provide 
model systems to simulate the kinetics of organized enzyme sys- 
tems in living cells. 


SUMMARY 


Our intent in this study was to link two protein molecules to- 
gether in a binary soluble conjugate by stable covalent bonds. 
In addition, it was necessary to retain the relatively easily de- 
stroyed activity of antibody when it was one of the pair of 
proteins in a conjugate. Conjugates of bovine serum albumin 
with bovine y-globulin, and of ferritin with rabbit y-globulin 
(containing antibody), were prepared by the use of a number 
of diisocyanates. The presence of conjugates was determined 
electrophoretically. 

In order to preserve the activity of antibody, a two-stage reac- 
tion procedure was utilized. The antibody (or bovine y-glob- 
ulin) was added, not directly to the diisocyanate, which 
inactivated it, but to an intermediate first formed by the reac- 
tion of the diisocyanate with the ferritin (or bovine serum albu- 
min). By the addition of an isocyanate-quenching agent, 
ethylenediamine, to the intermediate, it was possible to deter- 
mine whether isocyanate groups introduced on the modified 
ferritin or bovine serum albumin were essential to the subsequent 
conjugation to the y-globulin. 

By these methods it was shown that conjugates prepared with 
m-xylylene diisocyanate as coupling agent were partly covalently 
and partly noncovalently linked. A surprisingly large number 
of the xylylene residues was attached to the intermediate, but 
very few isocyanate groups were available for coupling to y-glob- 
ulin. 

With a diisocyanate containing two functions of different reac- 
tivities, toluene-2,4-diisocyanate, conditions were found for 
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producing exclusively covalently-linked conjugates in good yield. 
With the bovine serum albumin-bovine y-globulin system, elec- 
trophoresis and ultracentrifuge data showed that the conjugates 
were mainly of the one albumin-one globulin and two albumin- 
one globulin types, but only negligible amounts of larger con- 
jugates were formed. Suggested improvements in the methods, 
and possible applications of the conjugates, were discussed. 
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In recent years, several kinds of evidence have implicated 
a-acetohydroxybutyrate as an intermediate in isoleucine bio- 
synthesis (1-9).1 Although the place of this compound in the 
biosynthetic chain leading to isoleucine seems well established, 
its enzymatic formation has not been studied, primarily because 
a specific method for its quantitative determination was lacking. 
More recently, however, the development of a suitable assay 
procedure (10) has made it possible to study the formation of 
acetohydroxybutyrate by an enzyme system which simultane- 
ously forms the corresponding precursor of valine, a-acetolactate. 
In this paper some properties of this enzyme system in Escherichia 
coli are described. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The organisms employed in this study were the wild type 
strains of E. coli, W and K-12, and strain M42-11, an isoleucine 
and valine auxotroph derived from strain W and blocked be- 
tween the a,8-dihydroxy acid and a-keto acid precursors of 
the two amino acids. The organisms were grown at 37° on a 
New Brunswick rotary shaker, in the minimal medium of Davis 
and Mingioli (11) modified by the omission of citrate. For the 
growth of the auxotroph, the medium was supplemented with 
50 ug each of t-valine and L-isoleucine per ml. 

The cells were harvested during the logarithmic phase of 
growth by centrifugation in an International refrigerated centri- 
fuge, model PR-1, at 2400 x g for 10 minutes, and washed twice 
in one-twentieth of the original volume of 0.1 mm potassium 
phosphate, pH 8.0. The cell paste obtained was suspended in 8 
times its weight of 0.05 m potassium phosphate, pH 8.0, and 
disrupted in a Raytheon 200 watt, 10 ke magnetostrictive sonic 
oscillator. The resulting extracts were clarified by centrifuga- 
tion at 28,000 x g for 15 minutes in a Servall model SS-1 centri- 
fuge. 


* This work was supported in part by Grant E-1580 from the 
National Institute of Allergy and Infectious Diseases, National 
Institutes of Health, and by funds received by Harvard University 
from the Eugene Higgins Trust. 

+ United States Public Health Service Postdoctoral Fellow. 
Present address, Long Island Biological Association, Cold Spring 
Harbor, New York. 

t Recipient of Lederle Medical Faculty Award. Present ad- 
dress, Long Island Biological Association, Cold Spring Harbor, 
New York. 

1 The preceding paper of this series (8) described the enzymatic 
conversion of acetolactate and acetohydroxybutyrate to the di- 
hydroxy analogues of isoleucine and valine by extracts of E. coli. 


Acetolactate was determined as acetoin by the method of 
Westerfeld (12) after decarboxylation by autoclaving at 10 
pounds per square inch in the presence of 1.8 Nn H2SO, for 10 
minutes. Acetohydroxybutyrate was determined in a micro- 
biological assay based on the fact that the inhibition of the growth 
of K-12 strain of EZ. coli by t-valine is reversed by L-isoleucine 
(13) or any six-carbon precursor of isoleucine (3). Since aceto- 
hydroxybutyrate is decarboxylated by boiling for 5 minutes, 
the assay was rendered specific for this compound by testing 
each sample both before and after the heat treatment. In 
actual practice, even with crude extracts which were capable 
of converting acetohydroxybutyrate to later intermediates in 
the isoleucine pathway (8), no other isoleucine precursors were 
detected as products of the interaction of pyruvate and a-keto- 
butyrate unless TPNH had been also present during the reac- 
tion. 

The a,@-dihydroxy acid precursors of isoleucine and valine 
were determined as ethyl methyl ketone and acetone, respec- 
tively, after treatment of the reaction mixtures with periodate 
by the methods used previously (8). 

Protein was determined by the method of Lowry e¢ al. (14). 

The amino acids, TPN, and TPP? were obtained from Cali- 
fornia Corporation for Biochemical Research. 

Synthetic a-aceto-a-hydroxybutyrate was prepared by sa- 
ponification of the ethyl ester of a-acetoxy-a-acetobutyric acid 
in the presence of the theoretical amount of sodium hydroxide 
(2 moles of base for each mole of ester). The ester was prepared 
as previously described (8) with the procedure of Krampitz (15) 
for the oxidation and acetylation of a-alkyl-substituted aceto- 
acetic esters. The ester was separated by fractional distillation 
and the fraction boiling at 110-111° (uncorrected) at 8 mm of 
mercury was used in the saponification without further purifica- 
tion. 


Calculated: C 55.56, H 7.40 
Found: C 56.57, H 7.59 


RESULTS 


Conversion of Pyruvate and a-Ketobutyrate to Acetohydrozy- 
butyrate—Previous experiments (16) have indicated that incu- 
bation of freshly prepared extracts of EF. coli with pyruvate, 
magnesium ions, TPP, and phosphate buffer at pH 8.0 resulted 
in the appearance of the earliest five-carbon precursor of valine, 
acetolactate, which, after decarboxylation, was measured 4s 


* The abbreviation used is: TPP, thiamine pyrophosphate. 
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acetoin by Westerfeld’s method (12). In this system pyruvate 
served as both the acetal donor and the acetal acceptor. Strass- 
man et al. (1) had earlier proposed an analogous scheme for the 
formation of acetohydroxybutyrate, the isoleucine precursor 
corresponding to acetolactate. In this scheme, a-ketobutyrate 
replaced pyruvate as the acetal acceptor. It was of interest, 
therefore, to learn whether the FE. coli extracts would also form 
acetohydroxybutyrate. In preliminary experiments, however, 
the addition of a-ketobutyrate to reaction mixtures in which 
acetolactate formation was occurring resulted in a decrease in 
the amount of color given in the Westerfeld test. It was thus 
dear that a-ketobutyrate interfered with the conversion of 
pyruvate to acetolactate. It was not clear, however, whether 
a-ketobutyrate had prevented acetal group formation or had 
diverted the course of the reaction from the formation of aceto- 
lactate to that of acetohydroxybutyrate (a compound that 
upon decarboxylation yields less color in the Westerfeld test 
than does acetolactate). 

Subsequent examination of such reaction mixtures revealed the 
presence of a heat- and acid-labile component which supported 
the growth of wild type EZ. coli strain K-12 in the presence of 
excess valine but did not support the growth of isoleucine auxo- 
trophs incapable of growth on acetohydroxybutyrate. If 
TPNH was also present in the reaction mixtures, a component 
stable to heat and acid was formed which was chromatographi- 
cally indistinguishable from 
and which supported the growth not only of EZ. coli strain K-12 
in the presence of valine but also of an auxotroph lacking aceto- 
hydroxy acid isomeroreductase activity, t.e. lacking the ability 
to form the dihydroxy acid from acetohydroxybutyrate (8). 
These observations strongly suggested that the heat-labile com- 
ponent present in the reaction mixtures lacking TPNH was 
acetohydroxybutyrate. By means of the microbiological assay 
for this compound, it was possible to estimate the reaction 
product quantitatively. 

In an experiment with an extract prepared from strain K-12 
of E. coli (Table I), the stimulatory effect of TPP and magnesium 
ion was clearly demonstrated even though the extracts were 
undialyzed. No acetohydroxybutyrate was detected in the 
absence of a-ketobutyrate. In the absence of pyruvate there 
was some acetohydroxybutyrate formed, indicating the presence 
of an endogenous 2-carbon donor. The last column of the table 
shows, as noted above, that less color is obtained in the Wester- 
feld test when both keto acids are substrates than when pyruvate 
alone is the substrate. 

To further characterize the product of the enzymatic reaction, 
an experiment was performed on a scale large enough to permit 
isolation of the osazone formed from the products. The reac- 
tion mixture contained 100 mm potassium phosphate, pH 8.0, 
10 mm magnesium chloride, 40 mm sodium pyruvate, 80 mm 
sodium a-ketobutyrate, 20 um TPP, and, in a concentration of 
6.0 g of protein per liter, crude extract of E. coli strain W; the 
total volume was 10.0 ml. After incubation for 2 hours at 37°, 
the reaction was stopped by the addition of 1.0 ml of 1 n sodium 
hydroxide and 1.0 ml of 10% zinc sulfate. After removal of the 
precipitated protein, the osazone was prepared by treating the 
reaction mixture with phenylhydrazine by the procedure of 
Juni (17). After recrystallization from dioxane, the osazone 
obtained melted at 167—168° (uncorrected, Fisher-Johns melting 
point block), and there was no depression upon mixing with the 
derivative similarly prepared from synthetic acetohydroxybutyr- 
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TABLE I 

Formation of acetohydroxybutyrate by Escherichia coli extract 

The complete system contained 100 mm potassium phosphate, 
pH 8.0; 17 um TPP; 5 mm sodium a-ketobutyrate; 10 mm sodium 
pyruvate; 10 mm magnesium chloride; and, in a concentration of 
4.5 g of protein per liter, crude extract of E. coli strain K-12. 
The total volume was 1.0 ml. After incubation for 15 minutes 
at 37°, the reaction was stopped by the addition of 0.1 ml each of 
10% zine sulfate and 1 N sodium hydroxide. : 


Onion 
pmoles 

a-Ketobutyrate.............. 0 8791 


ate; this compares favorably with the value of 167° obtained by 
Merchison (18). 


Calculated: C 72.86, H 7.14, N 20.00 


Found from synthetic a-acetohydroxybu- 


tyric acid: C 73.47, H 7.39, N 19.65 


Found from enzymatically formed a- 


acetohydroxybutyric acid: C 73.28, H 7.10, N 19.51 


Under the conditions employed the formation of this derivative 
appears to be specific for a-acetohydroxybutyric acid because it 
does not form when acetylethylearbinol, obtained by heating 
either the synthetically or enzymatically formed acetohydroxy- 
butyrate, is used. Under the same conditions pentadione forms 
a phenylhydrazone. 

Conversion of Pyruvate and a-Ketobutyrate to a ,8-Dihydroxy- 
B-methylvalerate—It has been shown previously that synthetic 
acetohydroxybutyrate is converted to a,8-dihydroxy-8-methyl- 
valerate by an enzyme, acetohydroxy acid isomeroreductase, 
in the presence of TPNH (8). Although the same enzyme prep- 
aration also converts acetolactate to a,8-dihydroxyisovalerate, 
the dihydroxy acid precursors of isoleucine and valine are 
readily differentiated from each other by chromatography and 
by their periodate oxidation products, ethyl methyl ketone and 
acetone, respectively. Therefore, evidence for the simultaneous 
formation of acetohydroxybutyrate and acetolactate could be 
obtained by coupling the formation of the acetohydroxyacids 
to their subsequent rearrangement and reduction. Accordingly, 
these coupled reactions were studied with an extract prepared 
from strain M42-11 of E. coli, an organism capable of forming 
the dihydroxy acids but incapable of converting them to the 
corresponding a-keto acids (Table II). When pyruvate alone 
was used as substrate, the acetolactate formed was converted, 
at least in part, to a,8-dihydroxyisovalerate as indicated by the 
appearance of acetone as a product of periodate treatment of the 
reaction mixture. When a-ketobutyrate was also added, there 


3 It is probable that the same osazone would have been formed 
from acid. However, un- 


published data obtained in the authors’ laboratory would tend to 
exclude the possibility of formation of this compound from a- 
ketobutyrate and pyruvate by extracts of E. coli. 


\ 
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TaBLeE II 


Formation of a,8-dihydroxy-B-methylvaleric acid by Escherichia 
coli extract 

Each tube contained 100 mm potassium phosphate, pH 8.0; 10 
mM magnesium chloride; 10 mm sodium isocitrate; 151 um TPN ;* 
20 um TPP; and, in a concentration of 4.4 g of protein per liter, 
crude extract of EZ. coli strain M42-11. The total volume was 
1.0 ml. After incubation for 60 minutes at 37°, the reaction was 
stopped by the addition of 0.1 ml each of 10% zine sulfate and 1.0 
N sodium hydroxide. The reaction mixtures were treated with 
periodate and the amount of dihydroxy acids determined as 
ketones. 


a«,8-Dihydroxy- 


a,8-Dihydroxy- B-methylvalerate as 


| 
Additions | isovalerat 
pmoles formed 
Pyruvate, 10 wmoles............ | 0.76 | 0 
Pyruvate, 10 umoles, plus a- | 
ketobutyrate, 20 umoles....... 0.14 1.94 


| 
| | 

* In this experiment, TPNH was generated from TPN and iso- 
citrate by the action of the isocitric dehydrogenase present in the 
extract. 


was a marked decrease in the amount of a,@-dihydroxyiso- 
valerate formed and a concomitant appearance of a ,B-dihydroxy- 
6-methylvalerate as indicated by the appearance of ethyl methy1 
ketone as a product of periodate treatment of the reaction 
mixture. 

In another experiment, the over-all conversion of pyruvate 
and ketobutyrate to a,8-dihydroxy-8-methylvalerate was per- 
formed in two stages: one, the formation of acetohydroxybutyrate 
and, two, its conversion to the dihydroxy acid. For this experi- 
ment (described in Table III) an extract prepared from E. coli 
strain M42-11 was incubated with pyruvate and ketobutyrate 
for 30 minutes, the reaction was stopped, and the mixture was 
deproteinized (Step I). Samples were removed for the de- 
termination of color production in the Westerfeld procedure and 
for the determination of acetohydroxybutyrate and a,8-dihy- 
droxy-6-methylvalerate. A portion of the deproteinized solu- 
tion was heated to destroy the acetohydroxy acids (Step II) 
and the Westerfeld test and acetohydroxybutyrate determination 
were repeated. Another portion of this solution from Step I 
was incubated for 30 minutes with fresh extract, isocitrate, 
TPN, and excess L-valine (Step III). In addition, a portion 
of the heated solution from Step II was incubated in the same 
way (Step IV). After removal of the protein, samples of the 
reaction mixtures from Steps III and IV were removed for the 
determination of color production in the Westerfeld test and for 
the determination of a ,8-dihydroxy-G-methy] valerate. 

The results given in Table III show that after preliminary 
incubation in the absence of a TPNH-generating system (Step 
I), considerable acetohydroxybutyrate was formed but only a 
small amount of a,8-dihydroxy-8-methylvalerate. On heating 
(Step IT), nearly all of the acetohydroxybutyrate was destroyed. 
After subsequent incubation with fresh extract and a TPNH- 
generating system, the reaction mixture containing acetohydroxy- 
butyrate yielded a nearly equivalent amount of a,6-dihydroxy- 
6-methylvalerate (Step IIT). In addition, much of the material 


‘ Excess valine was added to prevent any additional formation 
of acetohydroxybutyrate (see below). 
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reacting in the Westerfeld color test, including presumably the 
more slowly reduced acetolactate (8), also disappeared. In 
contrast, after a similar reincubation of the reaction mixture in 
which the acetohydroxy acids had been destroyed (Step IV), 
neither dihydroxy acid formation nor disappearance of material 
reacting in the Westerfeld color test was detected. 

Effect of TPP—The absolute requirement for TPP in aceto- 
hydroxybutyrate formation (Table I) suggests that even a 
crude, undialyzed extract is highly resolved with respect to 
this coenzyme, a condition found earlier when acetolactate 
formation was studied in E. coli (16) and in Aerobacter aerogenes 
(19). An examination of the effect of TPP on the rate of the 
reaction (Fig. 1) revealed the apparent dissociation constant for 
the enzyme-coenzyme complex to be 45 um. This is quite close 
to the value of 47 um obtained for the acetolactate-forming 
system (16). 

Effect of Magnesium Ions on Acetohydroxybutyrate Formation— 
The data in Table I indicate that the enzyme system in the crude 


TaB_e III 
Formation of acetohydroxybutyrate and its conversion to a,B-dihy- 
droxy-B-methylvalerate by Escherichia coli extract 

Step I—The reaction mixture contained 100 mM potassium phos- 
phate, pH 8.0; 20 um TPP; 10 mm magnesium chloride; 10 mu 
sodium pyruvate; 10 mm sodium a-ketobutyrate; and, in a con- 
centration of 4.5 g of protein per liter, crude extract of E. coli 
strain M42-11. The total volume was 10 ml. After incubation 
for 30 minutes at 37°, the reaction was stopped by the addition of 
0.5 ml each of 1 N sodium hydroxide and 10% zine sulfate. After 
centrifugation, samples of 3.0, 0.4, and 0.2 ml were removed for 
the determination of a,8-dihydroxy-8-methylvalerate (as ethy! 
methyl ketone), for color development in the Westerfeld proce- 
dure, and for the bioassay of acetohydroxybutyrate, respectively. 

Step II—A 3.0-ml sample from the deproteinized solution pre- 
pared in Step I was heated at 100° for 5 minutes and samples of 
0.4 and 0.2 ml were removed for use in the Westerfeld procedure 
and in the acetohydroxybutyrate determination, respectively. 

Step III—To a2.5-ml sample of the deproteinized solution from 
Step I were added 8.3 mm t-valine; 417 um TPN; 167 mo isocit- 
rate; 100 mm potassium phosphate, pH 8.0; and fresh bacterial 
extract in a concentration of 7.5 g per liter. The total volume 
was 6.0 ml. After incubation for 30 minutes at 37°, the reaction 
was stopped by the addition of 0.5 ml each of 1 N sodium hydrox- 
ide and 10% zine sulfate. After removal of the protein, samples 
of 0.4 ml and 3.0 ml were removed for determination of color pro- 
duction in the Westerfeld test and of the a ,8-dihydroxy-s-methyl- 
valerate formed. 

Step IV—The procedures employed were the same as those de- 
scribed for Step III except that the incubation mixture contained 
a 2.5-ml sample of the heated, deproteinized solution from Step 
II (rather than material from Step I). 


pumoles formed 
78 0.83 


* Data expressed in terms of Klett units because the values re- 
ported represent color given by both acetolactate and acetohy- 
droxybutyrate. 

+ Calculated for 10 ml of original reaction mixture. 
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extract used was almost completely resolved with respect to 
magnesium ions. When the effect of magnesium ion concentra- 
tion was studied (Fig. 2), it was found that a relatively high 
concentration was required to achieve maximal activity. The 
plateau observed may have been caused, at least in part, by 
the precipitation of magnesium phosphate. This effect could 
not be overcome by using less phosphate for, in fact, decreasing 
the phosphate concentration decreased the reaction rate. It 
may be that, at the optimal pH of between 7.5 and 8.0 (10), 
the enzyme system cannot be saturated with respect to either 
magnesium or phosphate owing to the limited compatibility of 
the two ions. 

Effect of Substrate Concentration—The effect of substrate 
concentration on the formation of acetohydroxybutyrate was 
examined. In the presence of 20 mm a-ketobutyrate, the ap- 
parent dissociation constant for pyruvate was 2.5 mm. This 
is quite close to the value of 3.3 mm obtained for the acetolactate 
system (16). 

In the presence of 10 mm pyruvate, the apparent dissociation 
constant for a-ketobutyrate was 0.88 mm. 

Effect of Extract Concentration—In earlier studies of the aceto- 
lactate-forming system in E. coli (16) and the system that 
functions at pH 8.0 in A. aerogenes (19), it was noted that, with 
most extracts, a linear relationship between the concentration 
of the extract in the total reaction mixture and the activity was 
not obtained. Rather, dilution of the extract lowered the ac- 
tivity more than would be expected on the basis of dilution alone. 
Fig. 3 shows that a similar effect was obtained when acetohy- 
droxybutyrate formation was measured with the E. coli extract. 
Thus, a nearly linear increase with increasing extract concentra- 
tion was observed only after a minimal volume of extract had 
been added. Therefore, whenever specific activities of extract 
were determined, it was necessary to determine the activity at 
several extract concentrations so that the linear portion of a 
curve, such as that shown in Fig. 4, could be determined. 

Effects of Sodium Chloride and Sulfhydryl Compounds on 
Acetohydroxybutyrate and Acetolactate Formation—In early ex- 
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Fic. 1. Effeet of TPP on acetohydroxybutyrate formation. 
The reaction mixture contained 100 mm potassium phosphate, 
pH 8.0; 10 mm sodium pyruvate; 5 mm sodium a-ketobutyrate; 10 
MM magnesium chloride; extract of E. coli strain K-12 in a con- 
centration of 4.5 g of protein per liter; and TPP as indicated. The 
total volume was 1.0 ml. The reaction mixture was incubated 
' air at 37° for 15 minutes. The reaction was stopped with 0.1 
ml of 10% zine sulfate and 0.1 ml of 1 N sodium hydroxide. Aceto- 
hydroxybutyrate was determined microbiologically. 


R. I. Leavitt and H. E. Umbarger 


.050r 

3S .040 

-030}4 

= 

aq 

O16 

10) 5 10 iS 20 
Moles 


Fig. 2. Effect of magnesium ion on acetohydroxybutyrate for- 
mation. Each tube contained 17 um TPP and magnesium chloride 
as indicated. The total volume was 1.0 ml. Other conditions 
were as described in Fig. 1. 


Moles Acetohydroxybutyrate 


l 3 4 5 


MI Extract 


Fia. 3. Effect of extract concentration on acetohydroxybu- 
tyrate formation. Each tube contained 17 um TPP and the in- 
dicated amount of extract prepared from £. coli strain K-12. 
Other conditions were as described in Fig. 1. 


periments with the acetolactate-forming system of EF. coli, it 
had been noted that sulfhydryl compounds strongly inhibited 
acetolactate formation. More recently there was observed an 
inhibitory effect on acetolactate formation owing to the use of 
material eluted from chromatographic columns by relatively 
strong solutions of sodium chloride. Appropriate controls 
revealed that it was the chloride ion itself which was inhibitory.® 
Demonstrating another similarity of the two systems, Table IV 
shows that acetohydroxybutyrate formation is as sensitive to 
two sulfhydryl compounds (cysteine and mercaptoethanol) and 
to sodium chloride as is acetolactate formation. 

Effect of Storage of Extract on its Enzymatic Activity—Because of 
the striking similarities in properties of the acetohydroxybutyr- 


5 Unpublished data. 
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ate- and acetolactate-forming systems, a comparison was made 
of the extent to which the two activities were lost upon storage 
of an extract. The results of one such experiment are given in 
Table V, which shows that the loss of one activity paralleled that 
of the other under all conditions tested. 

Inhibition of Acetohydroxybutyrate Formation by 1-Valine— 


cH,-C- COOH + TPP —> 


QOH 
CH, 
' 
OH NH, cH, 
cH, - CH-CH=-COOH CcH,- C-COOH 
NH, 
CH,- C- CH=COOH = CH -G-COOH CH~ CH - COOH 
CH, CH, cH, 
CH CH, cH, 


Fig. 4. The biosynthetic pathway of isoleucine in E. coli 


TaBLeE IV 


Effect of sodium chloride and sulfhydryl compounds on acetolactate 
and acetohydroxybutyrate formation 

The extract was prepared from Escherichia coli strain K-12- 
Specific activities were determined with the linear portion of an 
extract concentration curve obtained in the manner described in 
Fig. 4. Acetolactate formation was measured in the absence of 
added sodium a-ketobutyrate; additions other than those de- 
scribed in Fig. 4 were as indicated. 


Specific activity* 
Additions 
Acetolactate Acetohydroxybutyr- 
formation ate formation 
Sodium chloride, 100 mm...... 0.48 0.39 
L-Cysteine, 5 mM............. 0.23 0.21 
Mercaptoethanol, 1 mm....... 0.73 0.54 


* Micromoles of product formed per mg of protein in extract 
per hour. 


TABLE V 
Effect of storage on acetolactate and acetohydroxybutyrate formation 
by Escherichia coli extract 
The extract and the conditions for activity assay were as de- 
scribed in Table IV. For other conditions, see text. 


Specific activity* 
A 1 Acetohydroxy- 
Presh-extract............. 0.9 1.2 
Stored extract 
At —19° for 12 days..... 5.0 0.9 1.2 
At for day.......... 0.72 0.53 1.4 
At 0° for 5 days......... 0.44 0.36 1.2 
At 0° for 12 days........ 0.08 0.06 1.3 


*Micromoles of product formed per mg of protein in extract 
per hour. 


Isoleucine and Valine. X 
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TaBLe VI 

Valine inhibition of acetolactate and acetohydroxybutyrate formation 

Each tube contained 100 mm potassium phosphate, pH 8.0; 10 
mM sodium pyruvate; 10 mm sodium a-ketobutyrate, where indi- 
cated; 20 um TPP; 10 mm magnesium chloride; 0.1 mM L-valine, 
where indicated; and bacterial extract in a concentration of 3.6 
g per liter, prepared from either Escherichia coli strain K-12 or 
strain K-12/V3, a valine-resistant mutant of strain K-12, as ip- 
dicated. The total volume was 1.0 ml. 


| 
| Acetolactate formed 


Source of extract | | 


| | 
No | With | Inhibi-; No With | Inhibi- 
valine | valine tion | valine valine | tion 
| pmoles % pumoles % 
Strain 0.12| 78 | 0.39/ 0.14] 63 
Strain K-12/V3......... | 0.46 | 0.42 8 | 0.35 | 0.31 | 12 


* This reaction mixture contained 10 mm sodium a-ketobu- 
tyrate. 


A unique feature of acetolactate formation in extracts of E. 
coli (16, 20) and of that occurring at pH 8.0 in extracts of A, 
aerogenes (19, 20) is the sensitivity of the reaction to L-valine, 
It was, therefore, of interest to determine whether the action 
of the enzyme system forming acetohydroxybutyrate also was 
inhibited by t-valine. As shown in Table VI, the sensitivity to 
L-valine of acetohydroxybutyrate formation of an extract pre- 
pared from E. coli strain K-12 was about the same as that of 
acetolactate formation. 

In contrast to the results obtained with the extract prepared 
from the K-12 strain of EZ. coli, u-valine had virtually no effect 
on either acetolactate formation or acetohydroxybutyrate for- 
mation by an extract prepared from strain K-12/V3. This 
strain was one of several isolated after inoculation of a large 
population of cells of the K-12 strain on the surface of a “mini- 
mal agar’ plate enriched with 50 ug of L-valine per ml (7). 
Strain K-12/V3 is thus a valine-resistant derivative of the 
normally valine-sensitive K-12 strain. 


DISCUSSION 


With the observation of acetohydroxybutyrate formation 
from pyruvate and a-ketobutyrate, the complete biosynthesis 
of isoleucine has now been demonstrated in E. coli extracts. 
Although there remains much to be revealed regarding the 
mechanisms of the various reactions, the over-all pathway may 
be defined as follows (Fig. 4). The initial reaction leading to 
isoleucine (Reaction A) is the deamination of L-threonine to 
yield a-ketobutyrate (21). The latter is condensed (Reaction 
B) with an acetal fragment derived from pyruvate to yield 
a-aceto-a-hydroxybutyrate which is converted (Reaction C) by 
acetohydroxy acid isomeroreductase to a,B-dihydroxy-6- 
methylvalerate (8). This compound, in the presence of 3 
dehydrase (22), yields a-keto-8-methylvalerate (Reaction D). 
The final step in isoleucine biosynthesis (Reaction E) is a trans- 
amination reaction in which glutamate can serve as the amino 
donor (23). 

It has been noted elsewhere (8) that the enzymes catalyzing the 
last three reactions in the biosynthetic pathway leading to 
isoleucine also catalyze the corresponding reactions in the path- 
way leading to valine. Although this relationship between the 
two pathways has been supported by kinetic data from enzyme 
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studies, it first became evident from the finding that, in auxo- 
trophic mutants, loss of an enzymatic step in the isoleucine 
pathway was accompanied by a loss of the corresponding step in 
the valine pathway; thus the occurrence of “‘single-step’’ mutants 
doubly auxotrophic for isoleucine and valine resulted. Until 
now, the only exception to the pattern of a single enzyme serving 
as catalyst for the corresponding steps in the two pathways was 
discovered by Rudman and Meister (23). These workers 
showed that, in addition to the enzyme which catalyzes the 
transfer of amino groups from glutamate either to a-ketoiso- 
valerate or to a-keto-8-methylvalerate, another enzyme trans- 
fers amino groups from either alanine or a-aminobutyrate only 
to a-ketoisovalerate. Thus, although the loss in the ability to 
catalyze the transamination step leading to isoleucine is ac- 
companied by a block in the valine pathway, the block is not a 
complete one. 

Unfortunately, the hypothesis that only one series of enzymes 
is operative in both pathways cannot be extended so readily to 
the reaction leading to the two acetohydroxy acids, since none 
of the double auxotrophs examined in this laboratory have been 
blocked in the formation of these compounds. However, it now 
has been possible to show that the enzymatic activities responsi- 
ble for the formation of both acetohydroxy acids were altered 
with respect to valine sensitivity as a result of a single mutation. 
This result points most directly to the idea that a single gene 
controls the synthesis of an enzyme involved in both acetolac- 
tate and acetohydroxybutyrate formation, and that, after one 
kind of mutation, an altered form of the enzyme, no longer 
sensitive to valine, is formed. 

In addition, there is considerable indirect evidence which 
supports the view that these steps are catalyzed by a common 
enzyme system. Thus, it should be noted that the properties 
described here for the enzyme system forming acetohydroxy- 
butyrate are essentially the same as those of the system which 
forms acetolactate. A list of the similar properties would 
include the sensitivity of the two systems to valine, a property 
that is as characteristic for the acetolactate-forming system as 
is the substrate specificity. Furthermore, in the preliminary 
experiments cited above, in which only the color of the Wester- 
feld test was used to indicate the extent of acetohydroxy acid 
formation in the presence of pyruvate and of pyruvate plus 
a-ketobutyrate, it was noted that the activities were not addi- 
tive, a result to be expected if a common enzyme was involved. 

These results can also be explained by assuming that two or 
more enzymatic steps are required for acetolactate and aceto- 
hydroxy butyrate formation, with only one enzyme being common 
to the two systems. However, no direct evidence for this 
possibility is available since attempts to fractionate the extracts 
that form the acetohydroxy acids have thus far been unsuccess- 
ful. 

This question of whether or not more than one enzyme is 
required for the formation of either acetohydroxy acid is of 
additional interest in view of the nonlinear relationship between 
activity and extract concentration shown in Fig. 3. This kinetic 
behavior could be explained by the existence of a two-step 
process in which a free intermediate is formed in one enzyme 
reaction and used by a second enzyme that can function maxi- 
mally only when the intermediate has reached an appreciable 
concentration. Another possibility is that some cofactor in 
addition to magnesium ions and cocarboxylase is required for 
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maximal activity. Studies on the mechanism of these reactions 
are in progress. 


SUMMARY 


Crude extracts of Escherichia coli catalyze the conversion of 
pyruvate and a-ketobutyrate to a-aceto-a-hydroxybutyrate, 
the first of the six-carbon compounds formed in the biosynthetic 
pathway leading to isoleucine. Magnesium ions and thiamine 
pyrophosphate are required for the reaction. 

Acetohydroxybutyrate was determined in a microbiological 
assay and also by coupling its formation to the action of aceto- 


hydroxy acid isomeroreductase to yield the a,@-dihydroxy acid 
precursor of isoleucine. 


The enzyme system catalyzing acetohydroxybutyrate forma- 
tion exhibits several properties which are similar to those shown 
by the system in extracts of Escherichia coli and Aerobacter 
aerogenes which converts pyruvate to acetolactate, a five-carbon 
precursor of valine. These properties include the difficulty in 
saturating the enzyme systems with magnesium ions and thia- 
mine pyrophosphate, the optimal pH, the sensitivity of the two 
reactions to inhibition by L-valine, and the disproportionate loss 
of both activities upon dilution of the enzyme extracts. These 
similarities in the properties of acetolactate- and acetohydroxy- 
butyrate-forming activities in extracts suggest that both aceto- 
hydroxy acids are formed by the same enzyme system. 
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Studies on the Metabolism of Kynurenic Acid 


I. THE FORMATION OF 1-GLUTAMIC ACID, p- AND t-ALANINE, AND ACETIC ACID 
FROM KYNURENIC ACID BY PSEUDOMONAS EXTRACTS* 
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(Received for publication, March 7, 1961) 


Kynurenic acid was first isolated from the urine of a dog by 
Liebig in 1853 (1) and was later shown to be a metabolite of 
tryptophan by Ellinger (2). However, its further metabolism 
has not been investigated until recently. The formation of 
quinaldic acid from kynurenic acid in mammals has been re- 
ported by Brown and Price (3). Its extensive degradation by a 
pseudomonad has been described (4), but the exact metabolic 
sequence has not been elucidated. 

In preliminary reports from our laboratory, we have described 
briefly an enzyme system in extracts of tryptophan-adapted cells 
of Pseudomonas that catalyzed the formation of t-glutamic acid 
from kynurenic acid (5, 6). A similar preliminary observation 
was independently reported by Behrman and Tanaka (7, 8). 

The purpose of this paper is to describe in detail the preparation 
and properties of a kynurenic acid-degrading crude extract from 
cells of Pseudomonas fluorescens, an organism which uses the 
so-called “quinoline pathway” of tryptophan degradation (9). 
t-Glutamic acid, p- and L-alanine, and acetic acid have been 
isolated as products of the enzymatic degradation. The suc- 
ceeding report will deal with the results of isotopic experiments 
that are pertinent to the mechanism of enzymatic formation of 
these products. 


EXPERIMENTAL PROCEDURE 


Chemicals—The pu-tryptophan used as a major carbon and 
nitrogen source for the cultivation of Pseudomonas was a gift 
from the Sigma Chemical Company and the Takeda Chemical 
Industries, Ltd. Kynurenic acid was chemically synthesized 
from aniline and ethylacetoacetate (10,11). Kynurenic acid pur- 
chased from the Nutritional Biochemicals Corporation was 
also used. Quinaldic acid was obtained from the Eastman 
Kodak Company. 7-Hydroxykynurenic acid, 8-hydroxyky- 
nurenic acid, and 7 ,8-dihydroxykynurenic acid were synthesized 
by Senoh, Tokuyama, and Sakan. was 
obtained from the Nuclear-Chicago Corporation.? 1t-Glutamic 


* This investigation has been supported in part by research 
grants from the National Institutes of Health (C-4222), the Rocke- 
feller Foundation, the Jane Coffin Childs Memorial Fund for 
Medical Research, and the Scientific Research Fund of Ministry 
of Education of Japan. 

1 The methods of synthesis will be published in detail in a forth- 
coming paper of this series. 

2 In the numbering used here for the side chain of tryptophan, 
we have denoted the carbon atom of the CHe group as the 3’ 
carbon, taking the carboxyl carbon as 1’, in accordance with the 
usual convention. 


acid, DL- and t-alanine, and y-aminobutyric acid were obtained 
from the Nutritional Biochemicals Corporation. DL-y- and 6-Hy- 
droxyglutamie acids were kindly furnished by Dr. T. Kaneko 
of Osaka University. 

Biological Materials—Pseudomonas fluorescens (ATCC 11299B) 
was used as an enzyme source. Stock cultures were maintained 
on slants prepared from 3% nutrient agar media. Inoculation 
was carried out by transferring the cells from a slant to 1.5 liters 
of the growth medium, which contained 0.1% pL-tryptophan, 
0.1% Difco yeast extract, 0.02% MgSO,-7H:0, 0.15% K,HPO,, 
and 0.05% KH2PO,, ina 5-liter Erlenmeyer flask. The cells were 
grown at 23° for approximately 14 hours with mechanical shak- 
ing. The cells were then harvested with the aid of a Sharples 
centrifuge and washed once with 0.85% potassium chloride 
solution. The yield of wet packed cells was about 1.5 g per 
liter of the medium. All the subsequent manipulations were 
carried out at 0-4° unless specified otherwise. Extracts were 
prepared by suspending 1 part, by weight, of the washed cells in 
2 parts of 0.02 m potassium phosphate buffer, pH 7.5, and dis- 
rupting the bacterial mass in batches of 15 ml for 15 minutes in 
a Kubota 9-ke sonic oscillator. The resulting material was 
centrifuged for 10 minutes in an International model PR II 
centrifuge at 15,000 x g. The supernatant solution thus ob- 
tained will be referred to as the “crude extract’? throughout this 
paper. The crude extract was further centrifuged in a Spinco 
model L supercentrifuge at 105,000 x g for 1 hour. The super- 
natant solution was a clear, straw-colored solution and will be 
referred to as the “supernatant fraction” hereafter. Cells were 
also disrupted by grinding with alumina and extracted with 2 
parts by weight of 0.02 m potassium phosphate buffer, pH 7.5, 
as previously described (12). .t-Glutamic decarboxylase was 
prepared from squash (13), acetokinase was obtained from 
Escherichia coli (14), D-amino acid oxidase was prepared from 
pig kidney (15), and lactic dehydrogenase was purified from 
heart muscle (16). 

Preparation of C'*-labeled Kynurenic Acid—The principle of the 
enzymatic synthesis of C-labeled kynurenic acid is based upon 
the previously reported enzymatic conversion of L-tryptophan 
to u-kynurenine by Pseudomonas tryptophan oxygenase and 
formamidase (17), followed by the transformation of the latter 
compound to kynurenic acid by kynurenine transaminase 0 
Pseudomonas in the presence of a-ketoglutarate (18). The 
incubation mixture contained in a total volume of 2.0 ml the 
following components: 5.35 wmoles of px-tryptophan 1'-C* 
(4.67 ue per umole); 100 zmoles of potassium phosphate buffer, 


2492 


Sept 


pH 8 
extra 
vessel 
value 
tion 
chlori 
gation 
twice 
natan 
the ¢ 
centri 
mate] 
colun 
Gradi 
reser 
whieh 
¢.p.m 
p-Try 
a sing 
kynu! 
reduc 
mater 
additi 
to cal 
specti 
caleul 
optics 
(19). 

to th 
the a 
of ky 
tion 
mono 
mater 
togra} 
the ré 
0.53, 
water 


| 
| kynui 
- of ky 
yield 
activi 
of infi 
with 
chron 
the / 
| | out w 
recor 
in pot 
parat 
Melti 
| micrc 
| mine 
The 
aid 
Amm 


»tained 
l B-Hy- 
<aneko 


1299B) 
ntained 
ulation 
5 liters 
tophan, 
2HPO,, 
lls were 
il shak- 
harples 
chloride 
per 
ns were 
ts were 
cells in 
ind dis- 
nutes in 
rial was 
II 
hus ob- 
out this 
. Spinco 
super- 
| will be 
alls were 
1 with 2 
pH 7.4, 
lase was 
ed from 
red from 
ied from 


ole of the 
sed upon 
‘ptophan 
and 
he latter 
rinase of 
8). The 
0 ml the 
te buffer, 


September 1961 


pH 8.0; 5.0 umoles of a-ketoglutarate; and 0.4 ml of the crude 
extract. The incubation mixture was aerated in a Warburg 
yessel at 37° until oxygen consumption reached its theoretical 
yalue (approximately 1 mole per mole of substrate). The reac- 
tion was then stopped by the addition of 0.2 ml of 60% per- 
chloric acid, and the insoluble material was removed by centrifu- 
gation at 3000 X g for 15 minutes. The precipitate was washed 
twice with 1 ml of 6% perchloric acid, and the combined super- 
natant solution was neutralized by the addition of 2 Nn KOH in 
the cold. After the potassium perchlorate was removed by 
centrifugation at 0°, the supernatant solution containing approxi- 
mately 14,550,000 ¢c.p.m. was applied to a Dowex 1-formate 
column (200 to 400 mesh, 8% cross-linkage, 1 sq em X 5 cm). 
Gradient elution was carried out with 6 N formic acid in a 
reservoir and 300 ml of water ina mixing flask. Kynurenic acid, 
which was eluted between 249 and 393 ml, contained 5,430,000 
¢.p.m., representing approximately 75% of the theoretical yield. 
p-Tryptophan, which did not react in this system, was eluted in 
a single peak between 36 and 78 ml. The fractions containing 
kynurenic acid were combined and evaporated at 40° under 
reduced pressure by means of a flash evaporator. The dried 
material was dissolved in 4 ml of water and neutralized by the 
addition of 0.1 Nn KOH. To test the purity of the material and 
to calculate the specific activity, a 0.1 ml aliquot was removed for 
spectrophotometric examination. The specific activity was 
calculated to be 3,100,000 c.p.m. per wmole on the basis of the 
optical density of kynurenic acid at 333 my (= 11,100, pH 7.0) 
(19). Unlabeled kynurenic acid, 16.4 wmoles, was then added 
to the remaining solution, and crystallization was achieved by 
the addition of concentrated HCl. The final specific activity 
of kynurenic acid was 292,000 ¢.p.m. per wmole. Recrystalliza- 
tion from water yielded about 15 wmoles of kynurenic acid 
monohydrate, specific activity unchanged. The purity of this 
material was further examined by means of paper chroma- 
tography with three different solvent systems. Ry values of 
kynurenic acid, as revealed by its characteristic fluorescence and 
the radioactivity, were: 0.58, butanol-acetic acid-water (4:1:1); 
0.58, ethano-ammonia-water (18:1:1); 0.83, methanol-pyridine- 
water (80:4:20). No radioactive or fluorescent spots other than 
kynurenic acid were detectable. A similar method of preparation 
of kynurenic acid-C™ has recently been described (20). The 
yield of kynurenic acid from L-tryptophan based on the radio- 
activity ranged between 60 to 80% in several runs. 
Determinations—Radioactivity was determined with samples 
of infinite thinness in a Nuclear-Chicago gas flow counter equipped 
with a micromil thin window; the radioactive areas on paper 
chromatograms were recorded by means of an automatic recorder, 
the Actigraph. Spectrophotometric experiments were carried 
out with a Beckman model DU spectrophotometer and a Shimazu 
recording spectrophotometer. The infrared spectra were taken 
in potassium bromide pellets with a Shimazu spectrophotometer. 
Manometric assays were done in a conventional Warburg ap- 
paratus; CO. output was determined by the direct method. 
Melting points were determined with the aid of a Yanagimoto 
micromelting point apparatus. Optical rotation was deter- 
mined with the Rudolph model 400 photoelectric polarimeter. 
The concentration of cell suspensions was determined with the 
aid of a Klett-Summerson spectrophotometer with filter No. 66. 
Amino acids were assayed by the ninhydrin color reaction (21). 
Protein was determined by a spectrophotometric method (22). 
Ammonia was determined by the direct nesslerization (23). 
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Fig. 1. Manometric experiments with resting cell suspensions. 
The washed bacterial cells were suspended in 0.1 mM potassium 
phosphate buffer, pH 6.4. The absorbancy of cell suspensions 
was 1.06 at 660 mu. The assay system contained in a volume of 
2.0 ml, 1 umole of substrate, and 1.6 ml of a cell suspension. In- 
cubation was carried out at 30°. The rate of the endogenous oxy- 
gen uptake was below 7 that with kynurenic acid. @——®, 
kynurenic acid; O——QO, 7-hydroxykynurenic acid; A——A, 
8-hydroxykynurenic acid; O——O, 7,8-dihydroxykynurenic acid; 
quinaldie acid. 


Chromatographic Procedures—Whatman No. | filter paper was 
used for paper chromatography by the descending technique at 
room temperature. Whatman No. 31 (extra thick) was also 
used for preparative purposes. Partition chromatography of 
acetic acid was conducted by the use of a Celite column accord- 
ing to the method of Peterson and Johnson (24). 


RESULTS 


Experiments with Intact Cell Suspensions—When cells were 
grown at the expense of pL-tryptophan, the resting cell suspen- 
sion was found to metabolize kynurenic acid without any lag 
period as described before by Stanier and Tsuchida (4). Ap- 
proximately 5.0 moles of oxygen were consumed per mole of 
kynurenic acid utilized (Fig. 1), and about 4.5 moles of CO2 were 
released. 7,8-Dihydroxykynurenic acid was also oxidized at 
about the same rate and without any lag period with the con- 
sumption of approximately 4 moles of oxygen per mole of sub- 
strate. 7- and 8-Hydroxykynurenic acid were both oxidized 
but the initial velocity was approximately 7s and } that of 
kynurenic acid, respectively. There was a short but definite 
lag period with the two latter substrates. Quinaldic acid, which 
has been reported to be a metabolite of kynurenic acid in mam- 
mals (3), was metabolized at a rate approximately 3/5 that of 
kynurenic acid. 

Experiments with Cell-free Extracts—When the cells were 
disrupted by means of alumina or by sonic oscillation, the re- 
sulting cell-free extracts were usually inactive and incapable of 
metabolizing kynurenic acid at an appreciable rate as judged by 
manometric experiments or by the disappearance of the charac- 
teristic ultraviolet absorption. The addition of an energy source 
or various coenzymes, such as DPN, TPN, DPNH, TPNH, etc., 
was found to be uniformly ineffective. Finally, attempts were 
made to remove or inhibit cytochrome systems which might be 
competing with either various oxygenases, hydroxylases, or both, 
essential for initiating the primary reaction in kynurenic acid 
degradation. When the crude extract was centrifuged at 105,000 


xX g for 1 hour, the supernatant solution was found to be quite 
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Fria. 2. Manometric experiments with the Spinco supernatant 
fraction. The assay system contained in a volume of 2.0 ml, 1 
umole of substrate and 1.5 ml of the supernatant fraction. In the 
system with 7,8-dihydroxykynurenic acid, 220 umoles of potas- 
sium phosphate (pH 6.5) and 6 umoles of mercaptoethanol were 
added in order to avoid autoxidation of 7,8-dihydroxykynurenic 
acid. The rates of endogenous oxygen uptake of the first four 
systems and the last system were 2.2 wl and 1.2 wl per minute, 
respectively. Incubation was carried out at 30°. @——®, 
kynurenic acid; O——QO, 7-hydroxykynurenie acid; A——A, 
8-hydroxykynurenic acid; O——O, 7,8-dihydroxykynurenic acid; 
quinaldic acid. 


0" 20 40 6 80 
MINUTES 


Fic. 3. Comparison of oxygen consumption of kynurenic acid 


lOO 


by the crude extract and by the supernatant fraction. The assay 
system contained in a volume of 2.0 ml, 1 umole of kynurenic acid, 
and 1.8 ml of the crude extract or the supernatant fraction. The 
precipitate that was obtained by centrifugation at 105,000 X g for 
1 hour was suspended in #5 the original volume of 0.02 m potassium 
phosphate buffer, pH 7.6. Of this suspension, 0.2 ml was added 
as indicated. Incubation was carried out at 30°. @——®@, 
supernatant fraction; O——O, supernatant fraction plus the 
particulate fraction; O——O, supernatant fraction plus the 
particulate fraction heated at 100° for 5 minutes; X—— xX, crude 
extract. 


capable of metabolizing kynurenic acid; approximately 2.5 moles 
of oxygen were consumed with the output of 2.5 moles of CO 
per mole of substrate (Fig. 2). Ammonia formation was negligi- 
ble. 7- and 8-Hydroxykynurenic acid were both metabolized 
without an appreciable lag period, the total oxygen consumption 
being almost equal to that in the presence of kynurenic acid. 
When 7,8-dihydroxykynurenic acid was used as a substrate, 
the initial velocity was much greater, usually more than three 
times the rate of kynurenic acid oxidation. The total amount of 
oxygen consumed was about 2 moles per mole of substrate. 
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Quinaldic acid was not metabolized at all under the same con- 
ditions. The extracts, however, must be sufficiently concen- 
trated; a protein concentration of the order of 10 mg per ml 
seems to be necessary. Upon dilution, marked loss of activity 
has been consistently observed. When the precipitate obtained 
by high speed centrifugation was resuspended in a small amount 
of buffer and added back to the incubation mixture, almost 
complete inhibition was observed (Fig. 3). However, when the 
particulate fraction was heated at 100° for 5 minutes, the 
inhibitory effect was almost abolished, indicating that the in- 
hibition was due to some heat-labile factor, presumably an 
enzyme, present in the particulate fraction. To try to confirm 
this supposition, the effect of several inhibitors was investigated, 
Cyanide and azide (10-* m), which are known to inhibit cyto- 
chrome systems, caused 100 to 200% stimulation, especially when 
the crude extract prepared from fresh cells possessed some ability 
to oxidize kynurenic acid. However, in confirmation of the 
above interpretation, the same amount of cyanide or azide did 
not stimulate the activity of the supernatant fraction obtained 
after high speed centrifugation. Instead, the addition of these 
inhibitors to the supernatant caused a marked lag period and 
inhibited the reaction considerably. 

Isolation of Metabolites—Kynurenic acid, 548 wmoles, was added 
to a 138 ml reaction mixture containing 1.81 umoles of kynurenic 
acid-3-C™ (529,000 ¢.p.m.) and 120 ml of the supernatant 
fraction containing 1.61 g of protein and 2.40 mmoles of po- 
tassium phosphate buffer, pH 7.5. 

Incubation was carried out with mechanical shaking at 34-37° 
for 2.5 hours; a parallel experiment in a Warburg vessel indicated 
that 2.5 moles of O2 were consumed per mole of substrate. A 
small aliquot was then removed for analysis and paper chroma- 
tography. All of the kynurenic acid added had disappeared, as 
judged by the absence of its characteristic absorption spectrum, 
with the formation of a considerable amount of glutamic acid. 
H.SOx,, 8 N, was added to the incubation mixture until the final 
concentration reached 0.2 n. After the precipitate was removed 
by centrifugation, the supernatant solution was neutralized with 
Ba(OH)., and the precipitate was again removed by centrifuga- 
tion. Then the supernatant solution, which contained about 
453,000 c.p.m. (85.6% of the original), was adjusted to pH 2 by 
the cautious addition of 8 Nn H.SO, and was extracted twice with 
50 ml of ether each time. The combined ether fractions were 
shaken vigorously twice with 50 ml of 5% sodium bicarbonate 
solution. The combined water layers containing approximately 
200,000 c.p.m. (37.8%) were then adjusted to pH 2.0 by the 
addition of 1 n H,SO, and were lyophilized. The distillate thus 
obtained contained approximately 1 mmole of acidic material as 
titrated by 0.1 nN NaOH. The neutralized distillate was evap- 
orated in a vacuum to dryness by means of a flash evaporator 
(Fraction I). 

The water layer, after ether extraction, contained 121,000 
c.p.m. (22.9%) and was neutralized with Ba(OH)s. After a 
brief centrifugation, the supernatant fraction was evaporated 
in a vacuum at 45° by means of a flash evaporator. The residue 
was dissolved in about 10 ml of water. The solution, after brief 
centrifugation in order to remove a small amount of insoluble 
material, was subjected to ion exchange chromatography on 4 
Dowex 1-formate column (1 sq. cm X 10 em, 8% cross-linkage, 
200 to 400 mesh). After application of the solution, the column 
was washed with about 50 ml of water. Approximately 83,100 
c.p.m. (15.7%) came through the column (Fraction II); this 
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fraction contained ninhydrin-reacting substances. A gradient 
dution was then carried out with 6 Nn HCOOH in a reservoir and 
490 ml of water in a mixing flask. A major radioactive peak 
containing about 15,200 c.p.m. (2.87%) was eluted between 40 
and 67 ml (Fraction III) and was ninhydrin-positive. Fraction 
[II was put through a Dowex 50- H+ column (1 sq. cm X 5 cm, 2% 
cross-linkage, 200 to 400 mesh), and elution was carried out with 
§ N HCl in a reservoir and 400 ml of water in a mixing flask. 
The fraction containing most of the radioactivity (12,500 c.p.m., 
236%) appeared between 77 and 101 ml. These were combined, 
evaporated in a vacuum by the aid of a flask evaporator at 40° 
and dried finally over KOH and P.Os. 

Fraction II was adjusted to pH 3.0 by the addition of 1 N 
HCl and was placed on a Dowex 50-H+ column (10 cm xX 1 
sq. cm, 200 to 400 mesh, 2% cross-linkage). The column was 
washed with 50 ml of water, and gradient elution was carried out 
with 3 N HCl in a reservoir and 400 ml of water in a mixing flask. 
A major radioactive and ninhydrin-positive peak came out 
between 21 and 50 ml. These fractions were combined and 
evaporated to dryness under reduced pressure at 50°. The 
dried material was dissolved in about 5 ml of water and was 
evaporated again by the same procedure in order to remove 
HCl. 

Identification of u-Glutamic Acid—The white semicrystalline 
material that was isolated from Fraction III was recrystallized 
fom hot 6 N HCl. The melting point (corrected) was 202-203° 
with decomposition. Authentic glutamic acid hydrochloride 
melted at 203-204° with decomposition. The mixed melting 
point was 202-204° with decomposition. Optical rotation was 
(a” = +31.7° (in 6 N HCl) 

Analysis— 


CsH,O.N- HCl 


Calculated: C 32.71, H 5.49, N 7.63 
Found: C 32.91, H 5.39, N 7.67 


The compound gave exactly the same Rp values as did an 
authentic sample of L-glutamic acid with three solvent systems 
(Table I). When it was treated with a partially purified prepara- 
tion of t-glutamate decarboxylase, a stoichiometric amount of 
CO. was evolved with the formation of a new ninhydrin-reacting 
substance which, on paper chromatography, was indistinguish- 
able from -y-aminobutyrate. ‘y- and 6-Hydroxyglutamate were 
both clearly distinguishable from the isolated material. 

The specific activity of the L-glutamic acid was 140 c.p.m. 
per umole on the basis of ninhydrin assay method. This figure 
represented about 6.8-fold dilution as compared with the original 
specific activity of kynurenic acid (962 c.p.m. per umole). A 
dilution of specific activity in the isolated glutamic acid was 
observed consistently, although to a varying extent, in several 
similar experiments as shown in Table II. 

Identification of Acetic Acid—The compound isolated from 
Fraction I was purified by partition chromatography on a Celite 
column. The isolated volatile material showed pK,’ of 4.65 and 
was identified as acetic acid by the use of acetokinase and by the 
formation of a p-bromophenacy] ester (25). The latter melted 
at 84.5-86°, as did an authentic sample and the mixture of the 
two. The analysis was: 


C1oH,O;3Br 
Calculated: C 46.72, H 3.530 
Found: C 47.02, H 3.753 
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TaBLe I 


Paper chromatography of isolated glutamic acid and y-aminobutyric 


acid obtained by decarboxylation reaction 
The assay system for decarboxylation of Lt-glutamic acid con- 


tained in a volume of 2.0 ml, 10 mg of partially purified decar- 
boxylase, 120 umoles of potassium phosphate (pH 5.8), 15 ug of 
pyridoxal phosphate, and isolated L-glutamic acid (6.15 umoles, 
8800 c.p.m.). 
H.SO, in the side arm was tipped into the main compartment. 
The amount of CO2 evolved was 144 ul. 
the acidified reaction mixture by Ba(OH):, the supernatant solu- 
tion was separated by centrifugation. 
tivity remained in the solution. 


After completion of CO:2 evolution, 0.1 ml of 2 N 
After neutralization of 


Almost all the radioac- 
Aliquots (0.1 ml) of the neu- 
tralized solution were subjected to paper chromatography. With 
both glutamic acid and y-aminobutyric acid, the ninhydrin- 
positive spots were coincident with the radioactive spots. There 
were no ninhydrin-positive or radioactive spots other than L-glu- 
tamic acid or y-aminobutyric acid in each case. 


| Authen-| , 33 33 28.2 
‘Sample BBS | |samplet 
| A a < 
Butanol-acetic acid-wa- | 0.28 | 0.28 | 0.14 | 0.17 | 0.63 | 0.63 
ter (4:1:1) 
Water-saturated phenol | 0.15 | 0.15 | 0.07 | 0.07 | 0.56 | 0.56 
Ethanol-ammonia-wa- 0.35 | 0.35 | 0.29 | 0.27 | 0.52 | 0.52 
ter (18:1:1) 


* Both pui-y-hydroxyglutamic acid and 
tamic acid gave identical Rp values. 

+ Both pu-threo- and pu-erythro-8-hydroxyglutamic acids gave 
identical Rp values. 

t After treatment with glutamic decarboxylase. 


II 
Specific activity of isolated glutamic acid, alanine, and 
acetic acid 
The specific activity (c.p.m. per wmole) of glutamic acid and 
alanine was determined on the basis of ninhydrin assay, and that 
of acetic acid by titration. 


Kynurenic acid Glutamic acid Alanine Acetic acid 
Experi- 
ment No. ecific | Total |Specific| Total |Specific | Total \Specific | Total 
activity | counts |activity | counts [activity | counts |activity| counts 
c.p.m. c.p.m, C.p.m. c.p.m. 
1 2,740 |758,000/1,430 |101,000) 
2 1,035 |455,000| 215 | 41,200) 417 |13,900) 400 /|211,000 
3 962 |529,000} 140 | 12,500) 271 |15,100) 200 (200,000 
4 473 \182,000} 139 | 19,000) 136 |12,900 
5 274 |150,000; 50 | 12,100 


The specific activity of acetic acid was also diluted 2- to 4-fold 
as compared with that of kynurenic acid (Table II). It should 


be noted, however, that the extent of dilution was always some- 
what less than that of glutamic acid in the same experiment. 
Identification of v- and r-Alanine—The dried material isolated 
from Fraction II was dissolved in 4 ml of H,O and was subjected 
to preparative paper chromatography on Whatman No. 31 
(extra thick) papers with two successive solvent systems. The 
Ry values of an authentic sample of t-alanine were: ethanol- 
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Fic. 4. Infrared spectra of (A) enzymatically made e«-alanine; 
(B) synthetically made pi-a-alanine; and (C) synthetically made 
L-a-alanine. Samples were all crystallized by the addition of 
ethanol to water solutions. 


ammonia-water (18:1:1), 0.30; n-butanol-acetic acid-water 
(4:1:1), 0.31. The radioactive and ninhydrin-positive bands 
corresponding to L-alanine were eluted with approximately 5 ml 
of H.O each time. Finally the solution was condensed over 
P.O; and crystallization was achieved by adding 99% ethanol to 
a small amount of water solution. The yield of white crystalline 
material was approximately 56 wmoles and contained 15,100 
¢.p.m. representing 2.9% of the radioactivity of the starting 
substrate, kynurenic acid. 

Ry values of this material, as determined by the radioactivity 
and by ninhydrin color, were in essential agreement with those 
given by an authentic sample of L-a-alanine with six different 
solvent systems: phenol-water (8:2), 0.53; with isopropanol- 
water (8:2), 0.27; n-butanol-acetic acid-water (4:1:1), 0.23; 
ethanol-ammonia-water (18:1:1), 0.31; n-butanol-pyridine-water 
(1:1:1), 0.28; and with ethanol-diethylamine-water (77:1:22), 
0.77. Paper electrophoresis was carried out on Whatman No. 1 
paper (13.5 X 45 em, pyridine-acetic acid-water (1:10:89), pH 
3.5, 2000 volts, 30 ma, 40 minutes). Both L-alanine and the 
sample moved approximately 1.0 cm to the cathode. 

Approximately 2 mg of this material were dissolved in 0.5 ml 
of 6 N HCI and dried in a desiccator over KOH at room tempera- 
ture. The dried material was dissolved in 1 ml of 99% ethanol 
in the cold and a small amount of insoluble material was removed 
by centrifugation. Ether was added dropwise to the super- 
natant solution and the white crystalline precipitate was collected 
by centrifugation. Decomposition points of the sample (200—- 
202°) and of the authentic sample of L-a-alanine- HC] (201-202°) 
were the same, and no depression occurred upon mixing (200—202°). 
= +12.1° (+2.4°) in 6 HCI. 

Constant specific activity after several recrystallizations pro- 
vided further evidence for the identity of this material with 
L-alanine. The specific activity of L-alanine was diluted approxi- 
mately to the same extent as that of acetic acid (Table II). 

In other experiments, the isolated alanine was optically inac- 
tive and the infrared spectrum was almost identical with that of 
pi-alanine (Fig. 4). It contained approximately 40% of p- 
alanine as determined manometrically by the use of p-amino 
acid oxidase of pig kidney. The formation of pyruvic acid in 
this assay system was further determined quantitatively by the 
use of DPNH and lactic dehydrogenase. Because the enzyme 
preparation usually contained alanine racemase, the extent of 


racemization appeared to depend upon the experimental con. 
ditions used and the alanine racemase activity. 


DISCUSSION 


The extensive degradation of kynurenic acid by a strain of 
Pseudomonas was first described in 1949 (4), but attempts to 
elucidate the intermediary steps were uniformly unsuccessfl 
simply because it was not possible to obtain a cell-free enzyme 
system active on kynurenic acid. In the present communication, 
we have described an active enzyme system which was found in 
a soluble fraction of the crude extract and was inhibited markedly 
in the presence of a particulate fraction. The nature of this 
inhibition is not clearly understood at the present time except 
that the inhibition could be largely removed by heating the 
particulate fraction at 100° for 5 minutes. However, it seems to 
be a reasonable conjecture that this inhibitory effect may be 
largely due to the presence of a cytochrome system in the par- 
ticulate fraction which is depleting the system of the reduced 
form of pyridine nucleotide coenzymes and is, therefore, com- 
peting with the hydroxylases required to initiate kynurenic acid 
degradation. This supposition is consistent with our preliminary 
observation that the primary reaction of kynurenic acid degrada- 
tion requires DPNH and oxygen (26). 

Quinaldic acid, which has been shown to be a metabolite of 
kynurenic acid in mammals (3), was degraded rather slowly by 
resting cell suspension of this organism. Although the rate of 
this reaction was approximately 35 that of kynurenic acid degra- 
dation, quinaldic acid was definitely metabolized since, after the 
termination of the experiment, its characteristic ultraviolet ab- 
sorption had completely disappeared. However, with the cell- 
free enzyme preparation, quinaldic acid was not metabolized at 
all, thus excluding the possibility of its being an intermediate 
metabolite in the Pseudomonas system. 

The oxidation of kynurenic acid by cell-free preparations 
obtained from Pseudomonas degrading tryptophan by way of 
the quinoline pathway was concurrently reported by Behrman 
and Tanaka who found that 1 mole of kynurenic acid was 
oxidized with the consumption of 3 moles of oxygen, yielding 3 
moles of CO, together with 1 mole of t-glutamate. During the 
course of our investigation we carried out the isolation of 1- 
glutamic acid seven times; the yield of isolated L-glutamic acid 
ranged from 17 to 50% of the added substrate. One curious 
aspect of the results, which was observed by both groups of 
investigators, was the dilution of specific activity of L-glutamate 
as compared with that of kynurenic acid added. Although con- 
siderable amounts of L-glutamate were produced endogenously, 
this source was far from sufficient to account for the dilution, 
indicating the possibility that the skeleton of L-glutamate was 
formed from more than one source during the experiment. Be- 
cause kynurenic acid labeled in carbon 3 yielded labeled 1- 
glutamic acid, it might be conjectured that the carbon skeleton of 
the pyridine ring is the source of glutamate, if the assumption is 
made that the nitrogen atom of L-glutamate is derived from that 
of kynurenic acid and that the conversion occurs without break- 
ing the carbon-nitrogen bond. It is clear from the results in 
Table II, however, that the specific activity of alanine and acetate 
was generally higher than or the same as that of glutamate, indi- 
cating the possibility that kynurenic acid was first converted to 
C-2 or C-3 fragments which could then be resynthesized to C-5 
units. The subsequent paper will deal with the fate of the carbon 
atoms of kynurenic acid as studied with isotopic techniques. 
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SUMMARY 


1. From tryptophan-adapted cells of Pseudomonas, an enzyme 
system that catalyzes partial degradation of kynurenic acid was 
orepared and its properties described. 

2. Enzymatic synthesis of C'*-labeled kynurenic acid from C'- 
labeled tryptophan was described. 

3. t-Glutamic acid, D- and L-a-alanine, and acetic acid were 
shown to be among the main radioactive end products of ky- 
qurenic acid degradation by this enzyme. 

4. The specific activity of glutamic acid was diluted approxi- 
mately 2- to 7-fold as compared with that of kynurenic acid. 
The specific activity of alanine and acetate was generally higher 
than or the same as that of glutamate indicating the possibility 
that kynurenic acid was first degraded to C-2 or C-3 fragments 
that could then be resynthesized to C-5 units. 
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Christensen, Riggs, and their coworkers (1-5) showed that the 
Ehrlich mouse ascites tumor cell concentrated amino acids to 
values many times that of the environment. Glycine, for ex- 
ample, was concentrated to 16 times that of the external solu- 
tion. Heinz (6-8) studied the kinetics of glycine accumulation 
and showed that active transport across the cell membrane was 
responsible for the concentration ratios observed. In addition, 
Heinz’s data provided evidence for exchange diffusion of glycine 
for glycine or other amino acids for glycine (6). 

From their studies, Christensen and Riggs correlated amino 
acid transport with potassium movements and advanced the 
hypothesis that “amino acid uptake could conceivably be driven 
wholly by the energy inherent in the asymmetry of cellular alkali 
distribution.”” One mechanism suggested was that potassium 
efflux drove glycine influx by exchange diffusion (5). 

Their experiments, however, were not designed to assess po- 
tassium fluxes. Rather, they correlated net changes in cell 
potassium with concentration ratios of amino acids. Since cor- 
relations need not imply causal relations, it was the purpose of 
our experiments to measure the potassium fluxes with K* under 
circumstances in which the cells had already established glycine 
gradients, or were in the process of taking up glycine. 

We found that both influx and efflux of potassium increased 
when the cells were maintaining established gradients for glycine; 
both fluxes also increased during the accumulation of glycine. 
However, potassium efflux does not drive glycine accumulation 
because more free energy is required for glycine accumulation 
than is available from potassium efflux. It is more likely that 
either potassium plays a permissive role in glycine accumulation 
or that glycine accumulation facilitates potassium transport. 


EXPERIMENTAL PROCEDURE 


Experiments were performed with Ehrlich mouse ascites tumor 
cells that were maintained in male Swiss white mice, strain 
Ha/ICR, by weekly transplantation. 

Donor mice with growths between 5 and 10 days were used. 
Cell suspensions were removed from the peritoneum by aspira- 
tion and transferred to a large volume of K+-Nat-Ringer solution 
(9) containing 1 mg per ml of glucose. Temperatures ranged 
between 21° and 25° for different experiments. 

The cell suspensions obtained were usually bloody. Red cells 
and leukocytes were easily removed by gentle centrifugation 
and resuspension in fresh Ringer solution. Usually two or three 
washes were sufficient. Differential hemolysis with 0.11 os- 


* This work was supported by Grant No. C3690 from the Na- 
tional Cancer Institute, United States Public Health Service. 
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molar Ringer-phosphate buffer is not recommended to remoye 
red cells because the tumor cells will swell and lose osmotically 
active solutes. 

The experiments, however, were performed with cells resus. 
pended in K+t-Na*-Ringer solution without glucose. Glucose 
was omitted for two reasons. First, pH changes that occur when 
lactic acid is produced during aerobic glycolysis were avoided, 
Second, in the absence of glucose, the source of metabolic energy 
is limited to respiration (10-12). We found it useful, neverthe- 
less, to prime the cells with glucose during the initial washing 
procedures to assure an adequate concentration of metabolites 
(12). 

With a standard Neubauer-Levy hemocytometer, 1000 or 
more cells were counted. Cell suspensions were adjusted to 
between 3 X 10‘ and 5 X 10 cells per mm, as a matter of con- 
venience in analyzing subsequently for potassium and sodium 
concentrations. 

In experiments concerned with potassium fluxes at steady-state 
levels of glycine, the cells were equilibrated for 1 hour with 
glycine present. Usually, 5 ml of cell suspension were mixed 
with 50 ml of the experimental solution. 

Fluxes for potassium were measured with K“Cl, with use of 
the equations developed by Sheppard and Martin and by Solo- 
mon, for a two-compartment closed system (13, 14). 

At 0 time, usually 1 hour after equilibration, the cell suspen- 
sions were mixed with K*®Cl and sampling begun. Aliquots of 
10 ml each were removed to centrifuge tubes, centrifuged at 
maximal speed (2100 xX g in the International centrifuge) for 30 
seconds, and then the centrifugation was stopped by steady brak- 
ing. The clear supernatant was removed by suction. Cold, 
isosmotic choline chloride at pH 7.1 was used to wash the cells. 

After an additional wash, the packed cells were taken up in 
10 ml of distilled water, and after at least 30 minutes to permit 
cell lysis, analyses were made of the aqueous extract for K*, K*, 
and glycine. Environments were also analyzed for these con- 
stituents. 

K** was determined by flame photometry with Li as an internal 
standard. K*® was counted on 4 ml aliquots with a Nuclear- 
Chicago model DS-5 well-type scintillation counter. Glycine 
was determined on tungstate-sulfuric acid extracts by the method 
of Christensen, Riggs, and Ray (15). 

To be certain that the choline chloride wash did not interfere 
with analyses for glycine and that the cells did not release glycine 
from endogenous protein or provide enzymes to degrade glycine, 
recovery experiments were run. 

Cells were allowed to equilibrate for 1 hour at room tempera- 
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ture in a glycine-free medium. After the cells were centrifuged 
and washed with isosmotic choline chloride solution, the packed 
cells were taken up in 10 ml of distilled water to which known 
amounts of glycine were added. Glycine analyses were then 
done on aliquots of this aqueous extract. Packed cells that were 
extracted only with distilled water gave Klett readings that were 
not significantly different from blank readings. Table I com- 
prises results from two experiments. Recovery was considered 
satisfactory. 

Data per 10’ cells could be converted to cell water or to dry 
weight by packing a known number of cells at 2100 x g for 30 
minutes. The packed cells, after being weighed, were dried 
overnight at 110° to determine dry weight and cell water. 


RESULTS 


Table II shows that the tumor cell will maintain sizable con- 
centration gradients for glycine at 25° and in the absence of 
external calcium. These results are a verification of the previous 
work of Christensen and Riggs (1) and of Heinz and Mariani 
(8), who used cells at 37° in the presence of calcium. The last 
column indicates that the cells swell when glycine is accumulated. 
Christensen (16) also observed that water entered the tumor cells 
when glycine was accumulated. In one circumstance, glycine 
appeared to enter as a 0.7 isosmotic solution. When glycine 
accumulation was exaggerated with 20 mmoles per liter of 
pyridoxal, glycine was accumulated in isosmotic concentration. 

Fig. 1 represents the fluxes of potassium after the cells have 
established the concentration ratios for glycine shown in the last 
column. Cell potassium remained constant during the experi- 
ment; the mean value for each particular experimental condition 
is shown in the second column. Because the cell is in a steady 
state, the efflux as calculated from the slopes of the lines also 
equals the influx, and is shown in the first column. 

Both efflux and influx were greater when a glycine gradient 
was present. In this particular experiment, the fluxes were 
doubled. A second experiment under similar conditions pro- 
duced a 45% increase in fluxes. Five additional experiments 
were performed with an external glycine concentration of only 
3.5 mmoles per liter. The mean of all seven experiments was 
1.34 + 0.12 (standard error) times that of the control. 

In the previous experiments, the glycine gradient was the 
result of a balance between the active transport of glycine into 
the cell and the passive loss out of the cell (17). Potassium 
fluxes were also studied when the cells, free of glycine, were im- 
mersed in an environment containing glycine. Under these con- 
ditions, a net influx of glycine occurred and was measured. 

In Fig. 2 are graphed potassium fluxes, cell potassium, and 
glycine uptake. Efflux coefficients for potassium were calculated 
from the slopes of the line. To calculate the total potassium 
efflux, the efflux coefficient was multiplied by the cell potassium 
content. 

Potassium efflux under control conditions was 1.22 wmoles per 
10' cells per hour. During the uptake of glycine, the potassium 
efflux increased to 1.45 umoles per 10? cells per hour. 

Potassium influx under control conditions was also 1.22 umoles 
per 10’ cells per hour because the cells were in a steady state. 
During the uptake of glycine, there was a small net loss of po- 
tassium at the rate of 0.2 wmole per 10’ cells per hour so that 
under these conditions potassium influx was 1.43 umoles per 10° 
cells per hour. 

The influx coefficients were calculated by dividing the influx 
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Recovery of glycine from Ehrlich mouse ascites cells 
Sample | Glycine added Glycine measured Deviation 
| mmoles/liter H2O % 
1 0.022 0.021 4.5 
2a | 0.011 0.011 0 
2b 0.022 0.022 0 
2c 0.044 0.048 8 
TaBLe II 


Glycine distribution between Ehrlich mouse ascites tumor cell and 
calcium-free Ringer-phosphate solutions with different 
external glycine concentrations (t = 25°) 


Cell Environmental | Concentration Cell water Degree of 
glycine glycine ratio Cell dry weight swelling 
mM 

0 0 0 

29.9 3.8 7.9 4.00 1.0 
38.0 7.9 4.8 4.45 
46.4 2.2 4.1 4.68 
61.2 15.8 3.9 4.66 2.37 

0 0 0 4.48 1.0 
28.2 3.5 8.1 4.84 1.08 
38.2 Fok 5.4 4.31 0.96 
39.3 11.0 3.6 5.35 1.19 
43 .6 15.5 2.7 5.10 1.14 
36.4 18.5 2.0 5.15 1.15 

0 0 0 3.88 1.0 
26.0 5.0 5.2 4.56 1.18 


by the external potassium concentration. To keep the same 
dimensions as those used for efflux coefficients, namely hr-!, 
influx was converted to milliequivalents per liter of cell water 
per hour and the external potassium concentration was expressed 
as milliequivalents per liter of water per hour. 

The efflux of glycine was calculated from the product of the 
efflux coefficient and the internal glycine content, determined 
from the asymptote of the uptake curve, following the methods 
used by Heinz (6, 7). At this point, efflux equals influx. The 
influx coefficient was derived in a manner similar to that used 
for potassium. These results also appear in Fig. 2. 


DISCUSSION 


Christensen and Riggs (1) had observed that the Ehrlich 
ascites tumor cell lost potassium when large amounts of glycine 
were accumulated. The concentration ratio, 1:6, was low. 
When the external glycine concentration was lower, the concen- 
tration ratio was correspondingly higher. Heinz (7) and Heinz 
and Patlak (18) have given adequate explanations for this situa- 
tion by providing evidence for the saturation of a glycine trans- 
port system. 

In our experiments, although concentration ratios for glycine 
were higher at lower external glycine concentrations, there was 
little or no change in cell potassium content. Nevertheless, 
potassium efflux and influx increased. If we were to apply a 
hypothesis of forced exchange between potassium efflux and 
glycine influx as proposed by Christensen and Riggs, we would 
require also that potassium influx be independently stimulated 
to keep pace with the increase in potassium efflux. 

There are two reasons to reject a hypothesis of simple force 
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Fic. 1. Steady-state potassium fluxes in the Ehrlich mouse 
ascites tumor cell after equilibration with different external gly- 
cine concentrations for 1 hour at 21° in K+t-Nat-Ringer solution 
without glucose. Efflux in micromoles per 10’ cells per hour. 
Potassium content in micromoles per 10? cells. External glycine 
concentration in mmoles per liter of HO. C/E is the ratio of cell 
glycine to environment glycine, both values expressed in mmoles 
per liter of H.O. 
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exchange diffusion between potassium efflux and glycine influx. 
If the mechanism hypothesized were an exchange diffusion be- 
tween potassium and glycine, mediated by a common carrier, 
the flux coefficients could be interpreted as affinity constants for 
the carrier. Examined in these terms, we note from Fig. 2 that 
on the outside of the membrane glycine has a greater affinity for 
the carrier than potassium (net influx coefficient for glycine = 
31.1 hr! compared with 16.9 hr- for potassium). Taken alone, 
this would be compatible with exchange diffusion, since glycine 
would replace potassium from the carrier. However, events at 
the inner surface of the membrane do hot favor simple exchange. 
For example, the net efflux coefficient for glycine (2.9 hr-') is 5 
times greater than the total efflux coefficient for potassium (0.63 
hr-!). For potassium to replace glycine at the inner surface of 
the membrane, mole for mole, five times more potassium than 
glycine would be required in the cell, at steady-state conditions. 
However, only 3 times as much potassium as glycine is present. 
Moreover, Heinz and Mariani (8) showed that the total efflux 
coefficient for glycine is 5 times that of the net efflux coefficient, 
i.e. that considerable exchange diffusion for glycine exists. 
Therefore, if the potassium is to displace glycine from a common 
carrier at the inner surface of the membrane, then the cell must 
contain 25 times more potassium than glycine. 

It is evident that these estimates do not favor 1:1 stoichiom- 
etry between glycine and potassium. They do not rule out 
other stoichiometric relations. 

The second reason to reject a hypothesis that requires potas- 
sium efflux to drive glycine influx derives from thermodynamic 


calculations. From an experiment of the type illustrated in Fig 
2, in which fluxes for potassium and glycine were measure 
simultaneously, we have the data to calculate the free energy 
necessary to accumulate glycine; in addition, we can calculate 
how much free energy potassium efflux can supply. When thes 
calculations were made (see ““Appendix’’), we found that glycine 
transport required 1.30 + 0.13 (standard error) more energy 
than potassium efflux could supply even with maximal efficiency, 
Data from four experiments are summarized in Table III. 

The energy required for glycine transport as calculated was g 
minimum. Heinz and Patlak (18) have shown that the osmotic 
work does not represent all the work. A certain amount of 
energy connected both with the transporting of the amino acid 
and with the continuous supply of carrier is lost irreversibly, 
In addition, Riggs and Walker (19) recently reported that incor. 
poration of glycine occurred to a measurable extent in vitro into 
the protein pool; therefore, net influx is probably greater than 
that which we calculated from our data of amino acid free in the 
cell. 

The energy available from potassium efflux as calculated is g 
maximum. Our choice of a membrane potential difference of 
11 mv (inside negative) is probably too small. Potential differ. 
ences predicted from the passive distribution of Cl- (20) ranged 
from —12 to —24 mv and have been verified from preliminary 
measurements by micropuncture. In addition, to derive the 
maximal free energy from potassium efflux would require com- 
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Fic. 2. The measurement of potassium fluxes during the net 
transport of glycine. O——O, without glycine. Efflux coeffi- 
cient = 0.51 hr; influx coefficient = 16.9 hr-!. @——®, with 
3.2 mM glycine. Efflux coefficient = 0.63 hr~; influx coefficient = 
18hr-'. Glycine in a steady state at 60 minutes; C/E (as defined 
in Fig. 1) = 10.7. Net glycine influx = net glycine efflux = 2.0 
umoles per 10’ cells per hour. Net efflux coefficient = 2.9 hr’. 
Net influx coefficient = 31.1 hr7. 
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TaB.e III 
Comparison between minimal free energy demands for net glycine uptake and maximal free energy available from potassium efflux 
Experiment Ki | Ko | G; | Go ‘Potassium efflux! Glycine influx Fe¢ | —Fr fe 
| 
mmoles/liter H2O pmoles/107 cells/hr peal/107 cells /hr 
106 6.4 40.9 4.3 | 2.36 3.68 4940 3381 1.47 
142 9.8 25.4 1.16 1.31 1625 1573 1.03 
109 34.2 3.2 | 1.45 2.00 2800 2140 1.35 
| Glycine and pyridoxal..| 111 | 6.1 | 26.4 | 3.3 1.22 1.94 2390 | 1795 1.33 
| 


* Standard error. 


plete linkage between potassium efflux and glycine influx, operat- 
ing with 100% efficiency. 

In spite of minimizing the free energy demand for glycine 
transport and maximizing the energy output from potassium 
eflux, there is still a significant deficit. 

It might be possible that a fraction of the glycine measured 
was bound and that the intracellular chemical activity for glycine 
was lower. To explain a 30% discrepancy would require, how- 
ever, that approximately 50% of the glycine be bound, with the 
data in the ‘“‘Appendix”’ as an example. 

This is unlikely for two reasons. First, we have measured 
the changes in water content that accompanied the accumulation 
of glycine in our experiments and compared these data with the 
calculated results if glycine was free in the cell water. In two 
determinations, there was actually 13% more water entering 
than could be accounted for from the glycine added to the cell. 
Second, Heinz and Walsh (17) have observed that ascites cells 
that were preloaded with nonradioactive glycine stimulated the 
uptake of C'-glycine. Preloading with other amino acids (21) 
produced the same effect. This kind of “exchange diffusion” 
has been viewed as evidence against binding at intracellular 
sites. 

Since Christensen and Riggs and their associates have compiled 
considerable presumptive evidence for a close relationship be- 
tween potassium transport and glycine movements and because 
we have demonstrated that both fluxes of potassium are in- 
creased during or subsequent to glycine accumulation, it would 
be premature to disallow any linkage between these two sub- 
stances. It may well be that the alternative hypothesis to that 
proposed by Christensen and Riggs has validity, namely that 
glycine accumulation facilitates potassium transport. 


SUMMARY 


1. The Ehrlich mouse ascites tumor cell will maintain sizable 
concentration ratios for glycine at 25° and in the absence of 
external calcium. These results verify the observations of other 
workers on cells studied in the presence of calcium. 

2. Cell potassium remains constant or decreases slightly when 
glycine is accumulated to concentrations 8 to 10 times that of 
the environment. 

3. Both efflux and influx of potassium increase when a glycine 
gradient is present across the membrane of the tumor cell. 

4. Both efflux and influx of potassium increase concomitant 
with the uptake of glycine into the tumor cell. 

5. The data provide two reasons to reject a hypothesis that 
potassium efflux drives glycine transport by simple exchange 
diffusion. (a) At the inner surface of the membrane, glycine 


has an affinity for a postulated common carrier up to 25 times 
that of potassium. Therefore, 1:1 stoichiometry is unlikely. 
(b) The free energy available from potassium efflux is less than 
the free energy required to pump glycine into the tumor cell. 
Therefore, potassium efflux cannot drive glycine influx. 

6. It is possible that the alternative hypothesis that glycine 
transport facilitates potassium fluxes is valid. 
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APPENDIX 


Below are calculations to show that the free energy available 
from the efflux of potassium from the Ehrlich mouse ascites 
tumor cell is not sufficient to transport glycine against its concen- 
Data are from Fig. 2. 
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Flux X electrochemical potential = Free 
energy available or required 


Intracellular potassium concentration: 109 meq per liter of H.O 

Extracellular potassium concentration: 6 meq per liter of H,O 

Chemical potential: RT In 109/6, 1720 calories per mole, at 25° 

Electrical potential: —11 mv (based on the passive distribution 
of chloride (20) 


11 mv X 22 calories per mv per mole = 242 calories per mole 


Electrochemical potential for potassium efflux: 1720 — 242 = 
1478 calories per mole 

Glycine concentration ratio: 10.7 

Chemical potential: RT In 10.7, 1400 calories per mole 


Free Energy Available From Potassium E flux 


Efflux: 0.63 hr-! x 2.3 wmoles per 10° cells 
Electrochemical potential: 1478 x 10-* calories per umole 
Free energy available: 2140 x 10-® calories per 10’ cells per hour 


Free Energy Required for Glycine Uptake 


Net influx: 2 umoles per 10’ cells per hour 
Chemical potential: 1400 x 10-* calories per umole 
Free energy required: 2800 X 10-* calories per 10° cells per hour! 


1 The free energy required is minimal and does not consider 
energy required for other than osmotic work, as developed in de. 
tail by Heinz and Patlak (18). 
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In a previous publication (1) it was shown that when large 
ynounts of uridine 5’-phosphate are added to a rat liver enzyme 
system which converts orotic acid to uridine nucleotides, small 
amounts of orotidylic acid accumulate. Decarboxylation of 
orotidine 5’-phosphate was evidently inhibited in the system, but 
the inhibitor of orotidylic acid decarboxylase was not identified, 
although the data indicated that UMP, or a derivative thereof, 
was the inhibiting substance causing the appearance of OMP." 
The formation of OMP from C"*-labeled orotic acid in the pres- 
ence of derivatives of UMP has been investigated, and the in- 
hibition of rat liver orotidylic acid decarboxylase by UMP and 
its derivatives has been studied more thoroughly in simplified 
reaction mediums. The present paper presents the results of 
these investigations showing that UMP is a competitive inhibitor 
of rat liver orotidylic acid decarboxylase. A preliminary report 
of part of this work has been presented (2). 


EXPERIMENTAL PROCEDURE 


Materials—Orotic acid-6-C was obtained from Tracerla b Inc. 
and the specific activity of the preparations used varied from 0.9 
to 1.13 we per umole. Orotic acid-7-C', purchased from New 
England Nuclear Corporation, had a specific activity of 6.8 uc 
per umole. Sodium salts of ATP, UMP, UDP, and UTP were 
purchased from Pabst Laboratories. Potassium phosphoglyc- 
erate was prepared from barium phosphoglycerate and K.SO,. 
The OMP was a gift from Dr. R. E. Handschumacher, Depart- 
ment of Pharmacology, Yale University School of Medicine. 

OMP-7-C" was prepared enzymatically from orotic acid-7-C™ 
as previously described (1) with the high-speed supernatant frac- 
tion of normal rat liver. Ten micromoles of UMP and 0.3 
umole of orotic acid-7-C™ were present in the reaction medium. 
OMP-7-C was isolated by chromatography of the acid-soluble 
fractions of the reaction mediums on Dowex 1-formate resin 
columns (1), and ammonium ions were removed from eluates 
(0.4m ammonium formate) by passage of the solutions through 
Dowex 50-H*+ resin columns. The resulting eluate was dried in 
a vacuum over a 2:1 mixture of technical NaOH and CaCl; in a 
desiccator. 


The high-speed supernatant fraction (S3) of normal rat? liver 


*This work was supported in part by a grant (No. C-646) from 
the National Cancer Institute, National Institutes of Health, 
United States Public Health Service. 

t Present address: Department of Cancer Research, Univer- 
sity of Saskatchewan, Saskatoon, Canada. 
'The abbreviation used is: OMP, orotidine 5’-phosphate (oro- 
tidylic acid). 
? Normal male white rats weighing 190 to 360 g each were ob- 
tained from the Holtzman Rat Company, Madison, Wisconsin. 


Inhibition of Orotidylic Acid Decarboxylase 
by Uridine 5'-Phosphate* 
Donatp G. R. AND VAN R. 
From the McArdle Memorial Laboratory, The Medical School, University of Wisconsin, Madison 6, Wisconsin 


(Received for publication, March 21, 1961) 


was prepared by homogenizing the tissue in 4 volumes of ice- 
cold 0.25 m sucrose and centrifuging for 1 hour at 105,000 x g 
in a Spinco centrifuge. This enzyme preparation was used in all 
studies of rat liver orotidylic acid decarboxylase. A partially 
purified preparation of yeast orotidylic acid decarboxylase (“eth- 
anol fraction’) was prepared according to the method of Lieber- 
man, Kornberg, and Simms (8). 

Reaction Systems—Orotidylic acid decarboxylase activity was 
determined by the evolution of C“O, from OMP-7-C". The 
routine reaction mixture (1 ml) contained tris(hydroxymethy]) 
aminomethane buffer (pH 7.4, 0.03 m), MgCl. (5 x 10-* Mm), un- 
labeled OMP (1 X 10-4 m), OMP-7-C™ (3000 c.p.m., 9 x 1077 
M), and the enzyme preparation. The initial pH value of the 
reaction medium was 7.18, and Fig. 1 shows that this pH value 
is optimal for the reaction. 

Concentrations of MgCl, ranging from 10-* m to 10-? m were 
tested and found to neither stimulate nor inhibit the system more 
than 7%, which was not regarded as significant. However, a 
level of 5 X 10-* m was used in the standard medium because 
this was previously found to be optimal in the over-all system 
from orotic acid to uridylic acid (1) and certain effects were 
studied in both systems. Handschumacher found that mag- 
nesium ions are not required for the action of yeast orotidylic 
acid decarboxylase (4). Yeast orotidylic acid decarboxylase was 
assayed in the medium described by Lieberman, Kornberg, and 
Simms (3), modified to contain the same amount of OMP-7-C™“ 
used in the assay of the liver enzyme. The assays were carried 
out at 30° in Warburg flasks containing 6 n NaOH in the center 
wells and 0.5 ml of 1.5 m perchloric acid in the sidearms. CO, 
was collected in the alkali, and the radioactivity was determined 
(5). Acid-soluble fractions from the reaction mediums were re- 

served for analysis by chromatography on Dowex 1-formate 
resin columns (1). 

The formation of C-labeled OMP from orotic acid-6-C™ or 
-7-C' was studied with the methods of Blair, Stone, and Potter 
(1). Substances were tested for inhibitory activity toward oro- 
tidylic acid decarboxylase by replacing UMP in the reaction 
medium by an equimolar amount of the test compound and de- 
termining the rate of OMP accumulation. 

Analytical Methods—Radioactivity* was assayed in internal 
flow counters. A suitable aliquot of the material (other than 


3 The rat liver S; preparations contained 18.3 to 34.5 units of 
orotidylic acid decarboxylase per g of protein (0.44 to 0.75 unit 
per ml §;). One unit of enzyme is defined as the amount of en- 
zyme causing the decarboxylation of 1 zmole of OMP in 1 hour. 

* The assistance of Dr. Charles Heidelberger and his staff in all 
determinations of radioactivity is gratefully acknowledged. 
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Fia. 1. Effect of pH value on the activity of rat liver orotidylic 
acid decarboxylase. The high-speed supernatant fraction of 
normal rat liver (0.2 ml) was incubated in Tris buffers (0.03 m) 
with MgCl. (5 X 10-3 m) and OMP-7-C# (1 X 10-4 Mm; 3000 c.p.m.) 
at 30° for 20 minutes. Enzyme activity was measured by CO, 
evolution. 
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Fig. 2. Inhibition of rat liver orotidylic acid decarboxylase by 
UMP. The composition of the assay medium and the assay con- 
ditions were as described for Fig. 1, except that 0.03 m Tris buffer, 
pH 7.4, was used, and UMP was added as indicated. 


BaC'0O;) to be counted was spread over an area of 3.8 cm? on 
aluminum planchets. While these studies were in progress it was 
found that radioactivity is lost from orotic acid-7-C™ in 0.2 m 
ammonium formate dried on aluminum planchets under condi- 
tions of high humidity (6). Subsequently, samples of orotic 
acid-7-C" were dried on aluminum planchets in air of low humid- 
ity (air-conditioned room), which preserved the radioactivity. 
Self-absorption was not determined in the case of eluates from 
chromatograms unless the residue on the planchets exceeded 0.4 
mg (7). BaCO; was collected on filter paper disks for determi- 
nation of radioactivity (5). 

Ultraviolet light absorption was determined in a Beckman 
model DU spectrophotometer. Protein was measured by the 
method of Gornall, Bardawill, and David (8). 


Inhibition of Orotidylic Acid Decarboxylase 


. tablish whether the inhibition was due to UMP or to derivative 
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RESULTS 


The first suggestions that UMP or a derivative of it inhibite 
the decarboxylation of OMP came from experiments in which 
orotic acid was the substrate, and OMP accumulated in meagy. 
able amounts, reaching a maximum at approximately 30 minute 
and subsequently disappearing (1). It was not possible to «& 


thereof because of the interconvertibility of the uridine nucleo. 
tides, but the results pointed to UMP or UDP as the actiye 
compounds. Thus, in the presence of 9 wmoles of UMP, , 
maximum of 33 mumoles of OMP could be found, whereas with 
uridine or UTP there was only 6 and 4 mumoles, respectively, 
However, when UDP was tried the results were equivocal ani 
appear to be explainable in terms of variability in the rate anj 
extent of conversion of UDP to UMP and UTP. Earlier indi. 
cations that UDP was more effective than UMP (2) have not 
been borne out by further studies in which direct measurements 
of OMP decarboxylation have also been made. 

Fig. 2 shows the inhibition of rat liver orotidylic acid decar. 
boxylase produced by 2 to 16mm UMP. Inhibition is dependent 
upon UMP concentration, but is not proportional to it. Re. 
versible inhibition is indicated by an Ackermann-Potter (9) plot 
of enzyme activity against enzyme amount which yields a straight 
line through the origin (Fig. 3). Lineweaver-Burk (10) plots of 
1/v against 1/S (Fig. 4) for the uninhibited and the UMP-in. 
hibited enzyme produces two straight lines which converge on 
the ordinate indicating competitive inhibition. Ki = 6.9 x 
10-3, 

In order to exclude the possibility that the inhibition of rat 
liver orotidylic acid decarboxylase by UMP was due to cations 
present in the UMP preparation, a sample of UMP was passed 
through a column of Dowex 50-H* resin and then lyophilized, 
The Dowex 50-treated UMP inhibited the decarboxylation of 
OMP to the same extent as the untreated UMP. 

Chromatographic examination (1) of the acid-soluble fractions 
from reaction mediums in which the decarboxylation of OMP 
was inhibited by UMP showed that 95% of the UMP initially 
added (16 umoles) remained after an incubation period of 3) 
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Fic. 3. Decarboxylation of orotidylic acid by the high-speed 
supernatant fraction of rat liver. Assays were carried out for 


minutes under the conditions described for Fig. 2. UMP was 
added as indicated. 
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minutes in the presence of 0.27 ml of rat liver 83.5 UMP con- 
yersion to uracil, uridine, UDP, and UTP under these conditions 
was 1.4, 1.9, 0.08, and 0.04%, respectively. Inhibition of oro- 
tidylic acid decarboxylase was correlated with the concentration 
of UMP but not with the concentrations of its derivatives. 

No inhibition of orotidylic acid decarboxylase by UTP (1 to 
16mm) was detected. Variable results were obtained with UDP. 
4s much as 9.4% inhibition was obtained with 16 mm UDP in 
anassay in which 8 mm UMP produced 49% inhibition of the en- 
zyme. Greater inhibition of orotidylic acid decarboxylase was 
obtained with 16 mm UDP and a different rat liver S; preparation, 
but these results could not be repeated. In all cases UMP was 
produced from UDP, and in some cases the inhibition of OMP 
decarboxylation could be correlated with the amount of UMP 
isolated by chromatographic procedures (1) from the reaction 
mediums at the end of the reaction period. However, in some 
instances the observed inhibition was less than that predicted 
from the amount of UMP isolated. No dephosphorylation of 
UDP to UMP occurred when the enzyme preparation was ab- 
sent. 

Orotidylic acid decarboxylase of yeast was also substantially 
inhibited by UMP, but not by UDP, as reported by Handschu- 
macher (4). Series of experiments similar to those of Figs. 2 
and 3 were carried out with the yeast enzyme, and essentially 
the same results were obtained, although UMP appears to in- 
hibit yeast orotidylic acid decarboxylase (Fig. 5) more effectively 
than the liver enzyme (Fig. 4). The Ki value for the yeast 
enzyme was 2.08 X 10-* in contrast to the value of 6.9 x 10-% 
for the liver enzyme. With yeast orotidylic acid decarboxylase, 
8mm UDP produced 21% inhibition, whereas the same concen- 
tration of UMP produced 73% inhibition. 


DISCUSSION 


The data presented indicate that UMP is a competitive inhibi- 
tor of rat liver orotidylic acid decarboxylase, and that uridine 
and UTP do not inhibit the enzyme. The relatively large ac- 
cumulation of OMP from C-labeled orotic acid in the presence 
of an initial UMP concentration of 3.33 mm, but not in the pres- 
ence of similar initial concentrations of uridine or UTP, is com- 
patible with the demonstrated inhibition of the decarboxylation 
of OMP-7-C“ by UMP but not by UTP. Inhibition of rat 
liver orotidylic acid decarboxylase by UMP is supported by the 
finding that the corresponding yeast enzyme is also competitively 
inhibited by UMP as suggested by the report of Handschumacher 
(4). The present data show that UMP is much more effective 
than UDP as an inhibitor of both rat liver and yeast orotidylic 
acid decarboxylase, although it was impossible to establish with 
certainty whether or not UDP alone has any inhibitory activity. 

Inhibition of orotidylic acid decarboxylase by UMP is regarded 
as an example of negative feedback because of the irreversibility 
of the decarboxylation reaction (3). Recently, UMP has been 
shown to inhibit aspartate carbamy] transferase of Ehrlich ascites 
carcinoma cells (11) in contrast to inhibition of the corresponding 
enzyme of Escherichia coli by CMP (12). Thus, UMP is ap- 
parently implicated in vitro in two negative feed-back mecha- 
nisms in the pathway de novo of its own synthesis, albeit the 
sources of the two enzymes in question are not the same. UMP 
inhibition of orotidylic acid decarboxylase, however, has been 
demonstrated for the enzymes of both rat liver and yeast, indi- 
cating that the reaction is not confined to one organism. 

Inhibition of rat liver orotidylic acid decarboxylase would 
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Fic. 4. Competitive inhibition of rat liver orotidylic acid de- 
carboxylase by UMP. Enzyme activity was measured for 10 
minutes under the conditions described for Fig. 2 in the absence 
(O——O) and presence (@——@) of 8 X 10°*m UMP. Velocity 
in moles per minute; substrate concentration in moles per liter. 


re) i] 1 1 i] 1 1 

fe) 1 2 3 4 5 6 7 8 

Fic. 5. Competitive inhibition of yeast orotidylic acid decar- 

boxylase by UMP. The enzyme preparation (0.2 ml) was incu- 

bated for 10 minutes at 30° with Tris buffer (0.02 m; pH 8.0), 

MgCl: (2 X 107? m), and OMP-7-C* (3000 c.p.m.) in the absence 

(O O) and presence (@——@) of 8 X 10-?m UMP. Velocity 

in moles per minute; substrate concentration in moles per liter. 


depend upon the relative intracellular concentrations of UMP 
and OMP. The concentration of UMP would in turn be related 
to its conversion to UTP. 


A 
Aspartate + carbamylaspartate = dihydroorotate = orotate = OMP Suily — UTP 
CMP CTP 


B 


Neither orotic acid nor OMP has been isolated from cells to 
which no orotic acid has been added, and the steady state con- 
centrations of both compounds must be remarkably low. Even 
in reaction mixtures in vitro in which orotic acid is a substrate, 
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no OMP can be found in the absence of an inhibitor of the de- 
carboxylase. It thus seems likely that the OMP concentration 
in vivo is held at a level that is low enough to be sensitive to the 
competition exerted by UMP, and the combination of this feed- 
back (A, in diagram above) with the feedback (B, in diagram 
above) at the step leading to carbamylaspartate (12) would give 
a double or sequential block (13) of the over-all conversion. 
Thus, feedback B would lower the OMP concentration to a point 
that could make the second inhibition effective. In unpublished 
studies Brumm and Potter have found that labeled aspartic acid 
is poorly converted to pyrimidine nucleotides, whereas car- 
bamylaspartic acid is efficiently converted, giving further indi- 
cation of a rate-limiting step between aspartic acid and carbamy]- 
aspartic acid. Further attempts to find orotic acid and OMP 
after injection of labeled carbamylaspartic acid might give some 
indication of the steady state levels of these intermediates. 


SUMMARY 


1. Uridine 5’-phosphate has been shown to be a competitive 
inhibitor of both rat liver and yeast orotidylic acid decarboxyl- 
ase. The Ki value was 6.9. x 10-* for the liver enzyme and 
2.08 for the yeast enzyme. 

2. The formation of orotidine 5’-phosphate from orotic acid-6- 
C* and -7-C* in a rat liver enzyme system was studied in the 
presence of uridine, uridine diphosphate, and uridine triphos- 
phate, and inhibition of the decarboxylation of orotidine 5’-phos- 
phate-7-C" by uridine diphosphate and uridine triphosphate was 
tested. No inhibition of rat liver orotidylic acid decarboxylase 
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by uridine or uridine triphosphate was demonstrable. Uridine 
diphosphate is regarded as having little or no inhibitory activity 
toward the enzyme. 

3. The physiological significance of negative feed-back contro} 
of orotidylic acid decarboxylase by uridine 5’-phosphate is dis. 
cussed. 
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There is little information on the origin of the pteridine ring of 
folic acid (1). The possibility that purines contribute to the 
biosynthesis of this part of the vitamin has been investigated 
earlier but could not be demonstrated in a number of micro- 
organisms (2). In fact, attempts to demonstrate the conversion 
of purines to other naturally occurring pteridines have resulted in 
an impressive number of failures, suggesting that this was not a 
metabolic pathway (3). On the other hand, in the biosynthesis 
of riboflavin it has been demonstrated by McNutt (4) that ade- 
nine is an effective precursor and from riboflavin-producing molds 
there have been isolated two pteridines which have been shown 
to be labeled by radioactive purines. These are 6-methyl-8- 
(I-p-ribityl)-2 ,4,7-trioxohexahydropteridine obtained by Mc- 
Nutt and Forrest (5,6) and 6,7-dimethyl-8-(p-ribityl) lumazine 
obtained by Maley and Plaut (7). The latter may be an inter- 
mediate in the biosynthesis of riboflavin (7). In view of the 
failures to obtain evidence for the purine to pteridine conversion 
in the case of folic acid and other pteridines, it has been suggested 
that the riboflavin pathway is unique for that vitamin and not of 
general significance for pteridines (3). 

In the present work, growing cultures of Corynebacterium sp. 
from which pteroyltriglutamic acid (teropterin) was first isolated 
(8) were supplied with labeled adenine. The vitamin was 
partially purified and degraded chemically through 2-amino- 
4hydroxypteridine-6-carboxylic acid to 2-amino-4-hydroxy- 
pteridine (Fig. 1). The latter was examined for radioactivity 
and gave evidence for an efficient utilization of adenine for the 
biosynthesis of this part of the vitamin. 


EXPERIMENTAL PROCEDURE 


Materials—Cultures of Corynebacterium sp. were kindly pro- 
vided by Dr. B. L. Hutchings; samples of teropterin and 2- 
amino-4-hydroxy-6-pteridinecarboxylic acid, by Dr. J. Boothe, 
both of the Lederle Laboratories. Adenine-2-C was purchased 
from the Volk Radiochemical Corporation. Adenine-8-C' (9) 
and 2-amino-4-hydroxypteridine (10) were synthesized accord- 
ing to published procedures. 

Methods—Corynebacterium sp. was grown in the medium of 
Hutchings et al. (8); stock cultures were maintained at 4° on agar 
slants prepared from that medium and were transferred monthly. 
In isotopic experiments, 250 ml of medium plus 34 mg of labeled 
precursor in 500-ml Erlenmeyer flasks of low actinic glass were 
inoculated from an agar slant. The flasks were then shaken 
vigorously at room temperature for 8 days. (Maximal growth 


* Rockefeller Foundation Fellow, 1957-1959. Foreign Research 
Fellow of the United States Public Health Service, 1959-1960. 
Present address, Faculdade de Medicina, Universidade de Minas 
Gerais, Belo Horizonte, Brazil. 


required from 2 to 3 days. Folic acid activity appeared in the 
bacterial supernatant medium in characteristically elevated 
amounts several days later as indicated by bioassay with Lacto- 
bacillus casei.) After centrifugation of the cells, the supernatant 
medium combined with a sodium chloride washing of the cells 
was brought to pH 8, stirred with Florisil (10 g) for 20 minutes, 
and the supernatant medium was carried through the isolation 
procedure of Hutchings et al. (8) up to and including elution from 
Norit. These and succeeding chemical operations were carried 
out in low actinic glassware wherever possible. 

The ammoniacal Norit eluate was concentrated to dryness 
under reduced pressure. The residue was taken up in water (6 
ml), and any residual charcoal was removed by centrifugation. 
The supernatant Norit eluate was then divided into two fractions, 
that retained by Dowex 50-H+ and that not retained. This 
separation was carried out to simplify the mixture for chro- 
matographic inspection and to render the bioassay for teropterin 
more specific by removal of thymine derivatives possibly present. 
For this purpose the Norit eluate was brought to pH 1 with 
hydrochloric acid and applied to a Dowex 50-H+ column (0.74 
em? X 10cm). The column was washed with water until the pH 
of the emerging eluate! rose to 5. The column was then eluted 
with no attempt at fractionation by means of N ammonium 
hydroxide (500 ml). Aliquots of the ammoniacal eluate thus 
obtained were set aside for bioassay. The remainder was con- 
centrated under reduced pressure and redissolved in water (3 ml) 
for chemical degradation. 

Paper Electrophoresis—As would be expected from its poly- 
glutamate nature, teropterin was found to migrate rapidly 
towards the anode at pH 3.5 and higher, and to be readily dis- 
tinguishable from pteroylglutamic acid. Analysis of the con- 
centrated ammoniacal eluate obtained from Dowex 50, as de- 
scribed above, by electrophoresis on Whatman No. 1 paper, was 
carried out, for example, in 0.05 m sodium acetate buffer, pH 
5.0, at 400 volts for 24 hours. Examination of the paper strips 
(a lamp emitting at 366 my is preferable to the type emitting at 
254 my) revealed a quenching zone with the mobility of terop- 
terin (6.5 em towards the anode) along with other bands. The 
identity of this zone with teropterin was made more likely by its 
conversion to a fluorescent substance on oxidation. Thus, when 
the strips were sprayed with 0.2% potassium permanganate, 


1 This pool contains a number of fluorescent substances, some 
of which become labeled in the presence of radioactive purines. 
They are under further investigation. It is likely that these 
derivatives lack the 2-amino group that is responsible for the re- 
tention of teropterin in acid medium. The use of anion exchange 
resins of the quaternary ammonium type for the separation of 
teropterin (11) was not satisfactory because of the difficulty of 
elution. 
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Fic. 1. The degradation of folic acid (for = 
p-aminobenzoyltriglutamic acid) to 2-amino-4-hydroxy-6-pteri- 
dinecarboxylic acid and to 2-amino-4-hydroxypteridine. 
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Fig. 2. Ion exchange separation of 2-amino-4-hydroxy-6- 
pteridinecarboxylic acid and of 2-amino-4-hydroxypteridine on 
Dowex 50-H* with 0.20 n hydrochloric acid. The peak emerging 
at about 800 ml consists of 2-amino-4-hydroxy-6-pteridinecar- 
boxylic acid; that at about 1170 ml consists of 2-amino-4-hydroxy- 
pteridine. 


- 


shortly thereafter decolorized by spraying with 10% , hy drogen 
peroxide, dried, and re-examined under ultraviolet light, a blue 
fluorescent band (presumably 2-amino-4-hydroxypteridine-6- 
carboxylic acid) replaced the shadow found before oxidation. 
(This procedure was adapted from the chemical determination of 
folic acid by Allfrey et al. (12).) At all pH values examined, only 
the teropterin zone showed this behavior, supporting the con- 
clusion that the 2-amino-4-hydroxy-6-pteridinecarboxylic acid 
isolated as described below came from teropterin. 

The amount of teropterin in the ammoniacal pool was deter- 
mined by bioassay with L. casei (13).. 

Chemical Degradation of Teropterin—Oxidation of the vitamin 
to 2-amino-4-hydroxypteridine-6-carboxylic acid was carried out 
essentially under the conditions of Weygand and Schaefer (14). 
The concentrated ammoniacal eluate from the Dowex 50 column 
was made strongly alkaline with 2 nN sodium hydroxide, then 
treated dropwise in a hot water bath with 2% potassium per- 
manganate until an excess of the oxidant was evident. After 
decolorization with a few drops of ethanol, the mixture was 
centrifuged and the manganese dioxide residue was washed with 
small volumes of water. The supernatant solution and washings 
were reduced to about 3 ml under an air stream, and 4.0 mg of 2- 
amino-4-hydroxypteridine-6-carboxylic acid as the sodium salt 
was added as carrier. The hot solution was brought to pH 1 
with hydrochloric acid, then to pH 3 by careful addition of m 
sodium acetate. The centrifuge tube and contents were left at 
4° overnight and the precipitated acid was centrifuged, washed 
with water and ethanol, and dried. 
2-Amino-4-hydroxypteridine-6-carboxylic acid can be de- 
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carboxylated by heat (14). In some cases this method was used, 
CO,-free air being used to sweep the carbon dioxide liberated into 
barium hydroxide absorbers for study of the origin of carbon 9 of 
folic acid. An alternative and convenient method makes use of 
the decarboxylating action of ultraviolet light on this acid (15), 
The carboxylic acid derived from teropterin formed in experi. 
ments with labeled purines was dissolved in small volumes of 
dilute ammonia, and the solution was brought to pH 6.0 by the 
addition of dilute hydrochloric acid and brought to a final volume 
of 10 ml. Such a solution in a glass-stoppered Erlenmeyer flask 
was irradiated above an ultraviolet lamp (Mineralite) of the kind 
generally used for inspecting chromatograms (output mainly at 
254 my). After 3 days (or a considerably shorter time, if q 
quartz flask was used), the solution was acidified to pH 1 with 
hydrochloric acid and chromatographed directly for the isolation 
of 2-amino-4-hydroxypteridine as described below. Although 
samples of the acid could generally be decarboxylated by irradia. 
tion with high yields of 2-amino-4-hydroxypteridine as found by 
Lowry, Bessey, and Crawford (15), on occasion the latter also was 
altered during irradiation as evidenced by a drastic drop in 
absorption at 310 mu. For this reason it was desirable to follow 
the progress of the decarboxylation spectroscopically at two wave 
lengths, with a decrease in absorption at 260 my in acid solution 
as an indication of decarboxylation (the theoretical drop is about 
60%), whereas a drop of more than about 17% at 310 my indi- 
cates destruction of the product. (These values were derived 
from the acid spectra in Figs. 1 and 2 of (16).) The irradiation 
was stopped arbitrarily when it seemed that too great a loss of 
product was taking place. 

Purification of 2-Amino-4-hydroxypteridine and 2-Amino-}- 
hydroxy-6-pteridinecarboxylic acid by Ion Exchange Chroma- 
tography—Under conditions commonly used for the separation of 
purines, these two pteridines remained unseparated. With 
relatively dilute acid and lengthened column, a suitable resolution 
was obtained. For mixtures containing amounts of each base of 
the order of 1 mg, a column of Dowex 50-H+ (0.3 cm? X 27 em), 
200 to 400 mesh, was used. The mixture was applied at pH 1, 
and the column was eluted with water until the eluate was trans- 
parent to ultraviolet light, when the elution was continued with 
0.20 n hydrochloric acid. The pteridine-6-carboxylic acid 
emerges first as shown in Fig. 2. The identity of eluted bases 
was confirmed by spectral properties and chromatographic 
behavior on paper. 

Isolation of Nucleic Acid Purines—The bacteria were collected 
by centrifugation and washed. The hot trichloroacetic acid 
extract (17) was hydrolyzed with sulfuric acid (18) and adenine 
and guanine were isolated by purification on Dowex 50-H* (19). 

Samples were counted in a windowless gas flow counter as thin 
films on stainless steel planchets. The amounts plated were 
determined by spectroscopic analysis. 


RESULTS 


When adenine-2-C was supplied to growing cultures of 
Corynebacterium sp. the folic acid (teropterin) formed by the 
organism was effectively labeled. Thus, the 2-amino-4-hydroxy- 
pteridine, obtained by degradation of the vitamin, gave good 
correlation, on column chromatography, between pteridine 
absorption in the ultraviolet and radioactivity when successive 
fractions of eluate were examined (Fig. 3). (An experiment with 
hypoxanthine-2-C™ gave a similar result.) On the other hand, 
when adenine-8-C“ was given as the precursor, although 4 
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Fic. 3. Correlation of radioactivity and pteridine content 
(measured at 310 mz) of successive chromatographic fractions of 
?-amino-4-hydroxypteridine derived from teropterin formed when 
adenine 2-C'4 was provided. Open bars, micromoles; striped bars, 
radioactivity. 


comparable amount of folic acid was formed, the pteridine ring 
of the vitamin had negligible radioactivity (Fig. 4). The or- 
ganism was able to convert adenine to guanine. The specific 
activity of the pteridine ring, corrected for dilution,? is com- 
parable to that of either of these purines in the bacterial nucleic 
acid (Table I) when adenine-2-C" was supplied and, consequently, 
it is unlikely that the labeling of the pteridine ring was due to 
breakdown of the adenine ring and resynthesis. 


DISCUSSION 


Because of the structural similarity of purines to pteridines, it 
has for some time been supposed that purines might be pteridine 
precursors. However, attempts to demonstrate isotopically 
that purines were converted to pteridines resulted, until re- 
cently, either in failure in the case of folic acid (2) or in very weak 
labeling in the case of pteridine pigments of amphibia (20) or 
insects (21). The initial observation by Ziegler-Gunder, Simon, 


*In correcting for dilution, any inaccuracy in the amount of 
teropterin chemically degraded, as determined by bioassay, is, of 
course, magnified considerably. A nonspecific growth-promoting 
effect in the bioassay would mean that the actual amount of tero- 
pterin was less and consequently the correction factor should be 
higher. However, the main potential source of error of this type, 
thymine and its derivatives (13), had been removed before bioas- 
say. Conversely, substances yielding 2-amino-4-hydroxy-6-pteri- 
dinecarboxylic acid on oxidation but with low folic acid activity 
for L. casei would lead to overcorrection for dilution, and the cal- 
culated specific activity for the pteridine ring of folic acid would 
be too high. However, this possibility appears to be excluded by 
the observation that paper electrophoretic fractionation at a 
variety of pH values of the material used for chemical degrada- 
tion showed that only the teropterin zone produced fluorescence 
(i.e. 2-amino-4-hydroxy-6-pteridinecarboxylic acid) on oxidation. 
The yield of acid under the conditions of oxidation used is reported 
to be essentially quantitative (14). Considering the various un- 


certainties, we do not care to conclude from the data in Table I 
alone that guanine is the direct purine precursor but hope to 
clarify this in subsequent work. 


E. Vieira and E. Shaw 
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Fig. 4. Lack of significant radioactivity in successive chro- 

matographic fractions of 2-amino-4-hydroxypteridine derived 

from teropterin formed when adenine-8-C was provided. Open 

bars, micromoles; striped bars, radioactivity. 


TABLE I 
Relative labeling of pteridine ring of folic acid and of nucleic acid 
purines in growing cultures of Corynebacterium sp. given 
radioactive adenine (88,400 c.p.m. per umole) 


Precursor 
Adenine | Guanine |Observed| 
umole c.p.m./pmole c.p.m./pmole 
Adenine-2-C*...| 0.80 25 56,100] 22,000} 880 | 22,000 
Adenine-8-C*...| 0.86 23.4 | 55,000) 45,000) 10 | 234 


and Wacker (20) consisted of showing that an unidentified blue 
fluorescent substance from the skin of larva of Xenopus fed 
guanine-2-C™ produced, on oxidation, a weakly radioactive spot 
on chromatography, corresponding to the position of 2-amino-4- 
hydroxy-6-pteridinecarboxylic acid. Quantitative data was not 
given in this case nor in the reported labeling of the xanthopterin 


and leucopterin of butterflies by radioactive purines (21). 


How- 


ever, Weygand and Waldschmidt showed that formate and glycine 
caused labeling of leucopterin in positions of the pteridine ring 
similar to those known to be labeled in the purine ring by these 
precursors. Such precursors of purines were said to be more ef- 


fective than purines themselves (21). 


Similar results in 


Drosophila (22) have led to the conclusion that the faint labeling 
produced by purines is a side reaction (20) and that the main bio- 
synthetic pathway to pteridines has early steps in common with 
purine biosynthesis but branches off before ring closure (20, 22). 

On the other hand, Forrest and McNutt (5) isolated a new 


pteridine, 


6-methyl-8 - (1-p-ribityl) -2,4,7 - trioxohexahydro- 


pteridine (6), from Eremothecitum ashbyit and showed that it was 


effectively labeled by radioactive adenine or guanine. 


This 


metabolic relationship was also shown for 6,7-dimethyl-8-(p- 
ribityl) lumazine isolated from Ashbya gossypii by Maley and 
Plaut (7). 
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The results reported in this paper offer a clear demonstration 
of the effectiveness of purines as precursors of the pteridine ring 
of folic acid in contrast to the negative findings with guanine-5- 
C™ and xanthine-5-C™ in the case of Candida albicans, Pichia 
membranaefaciens, and Streptococcus faecalis (2). The latter 
cannot synthesize folic acid (13), but the reasons for the dif- 
ference between the results with the other organisms and those 
obtained here are not apparent. 

MeNutt (4) has shown that in the biosynthesis of riboflavin 
by Eremothecium ashbyit all the ring atoms of adenine are in- 
corporated into the isoalloxazine nucleus except the carbon in 
position 8. It seems probable that the pteridine ring of folic 
acid arises in a similar way from a purine derivative which under- 
goes ring opening with loss of carbon 8. 


SUMMARY 


Growing cultures of Corynebacterium sp. were supplied with 
adenine-2-C™“ or with adenine-8-C%. The pteroyltriglutamic 
acid (teropterin) formed was degraded chemically to 2-amino-4- 
hydroxy-6-pteridinecarboxylic acid and to 2-amino-4-hydroxy- 
pteridine. The latter was purified by column chromatography 
and found to be highly radioactive when the purine labeled in 
position 2, but not the one labeled in position 8, was given. It 
was concluded that purines are precursors of the pteridine ring of 
folic acid, undergoing ring opening with loss of carbon 8. 


Acknowledgments—The technical assistance of Miss Lynn Capel 
is gratefully acknowledged. This work was supported by the 
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Earlier studies in this series were concerned with the synthesis 
of deoxyribonucleic acid from labeled ribonucleosides by chick 
embryo minces. Evidence was then obtained for the idea that 
the administered ribonucleosides were first phosphorylated to 
ribonucleotides and that these were subsequently reduced to 
the corresponding deoxyribonucleotides (1-3). The deoxyribo- 
nucleotides were then polymerized to form deoxyribonucleic 
acid, presumably by the action of Kornberg’s polymerase 
(4). 

In the present paper the reductive sequence was studied in 
some detail with extracts from chick embryos, with earlier 
experiments with extracts from Escherichia coli (5) as a guide. 
It was possible to demonstrate the formation of deoxycytidine 
and deoxyguanosine phosphates from the corresponding ribosyl 
compounds. For cytosine compounds these observations were 
very similar to the results obtained earlier with the bacterial 
extracts. The results with guanosine compounds are the first 
demonstration with soluble enzymes of the formation of a purine 
deoxyribonucleotide from the ribonucleotide. A brief account 
of the latter experiments has been published previously (6). 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Preparation of Isotopic Compounds—P®- and tritium-labeled 
CMP were prepared as described earlier (5). 

C-GMP was prepared from 8-C'-guanine or 2-C'*-guanine 
(California Foundation for Biochemical Research). For this 
purpose 1.5 mg of guanine (1.6 wcurie per umole) was shaken at 
37° for 1 hour with 7 mg of 5-phosphoribosylpyrophosphate 
(magnesium salt, Pabst Laboratories), 80 wmoles of MgCl, 1 
mmole of Tris, pH 8.0, and 3 ml of dialyzed “yeast enzyme” (7) 
ina final volume of 10 ml. The reaction mixture was then boiled 
and centrifuged. The precipitate was washed twice with 10 ml 
of hot water and the combined supernatant solutions were added 
to the top of a Dowex 1-formate column, 0.9 X 8 cm. 

Elution was started with 60 ml of 0.3 m formic acid, thereby 
removing any remaining guanine. The column was further 


*This work was supported by a personal grant from the Jane 
Coffin Childs Memorial Fund for Medical Research, and the 
Swedish Medical Research Council, and by a grant (C 4 3076 C2) 
from the National Institutes of Health, United States Public 
Health Service. 


washed with 100 ml of 0.15 mM ammonium formate, pH 5, and with 
10 ml of water. These eluates were discarded. On further 
elution with 1.7 m formic acid, GMP (6.1 wmoles) appeared be- 
tween 28 and 72 ml after the start of the chromatogram. Formic 
acid was removed by evaporation under reduced pressure, the 
residue was dissolved in approximately 1 ml of water, neutralized 
with NaOH, and used directly for the experiments. 

Preparation of Enzyme Extracts from Chick Embryos—Five- 
day-old chick embryos were removed from eggs and washed with 
saline as described earlier (1). The embryos were then treated 
for 1 minute with 0.5 volume of 0.05 m Tris (pH 8.0) —0.001 u 
mercaptoethanol in a tight-fitting all glass Potter-Elvehjem 
homogenizer. A temperature close to 0° was maintained during 
all operations. The homogenate was centrifuged at 25,000 x g 
for 45 minutes and the supernatant solution was immediately 
used for the incubation. The extract contained about 15 mg of 
protein per ml as determined by the method of Biicher (8). 

Conditions of Incubations and Assay of Deoxyribonucleotide 
Formation. Formation of Deoxycytidine Phosphates—The ex- 
periments were very similar to those with bacterial extracts 
described earlier. Under standard conditions, 0.3 ml of embry- 
onic extract was incubated at 37° for 15 minutes with 0.1 to 0.15 
umole of labeled CMP and 1 umole of ATP, in a final volume of 
0.45 ml. The reaction was stopped by the addition of 2 ml of m 
HCl0O,, and the incubation mixture was assayed for dCMP 
formation as described earlier (5). 

Formation of Deoxyguanosine Phosphates—Enzyme (0.1 ml) 
was incubated at 37° for 30 minutes with 0.02 to 0.03 umole of 
labeled GMP, 0.25 umole of ATP, and 1.5 wmoles of MgCl. in a 
final volume of 0.15 ml. The reaction was stopped by immersion 
of the tubes in a boiling water bath for 2 minutes. Five wmoles 
of KOH, 0.5 umole of deoxyguanosine, and 0.1 mg of crude 
Crotalus adamanteus venom were then added, and the mixture was 
incubated at 37° for 60 minutes. After boiling and centrifuga- 
tion, the total supernatant solution was applied to a sheet of 
Whatman No. 3MM paper. Each solution was applied to a 
3-cm line and the chromatogram was developed with a borate 
solvent (9) overnight. 

After drying, the deoxyguanosine spots were cut out. The 
amounts of radioactivity present in each spot were then de- 
termined directly by a liquid scintillation technique (10). From 
this value, and with the aid of an experimentally determined 
conversion factor, the amount of deoxyguanosine phosphates 
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TABLE 
Identification of radioactive dCMP 


Incubation was carried out under standard conditions. dCMP 
was recovered by extended chromatography on Dowex 50 (5) and 
each chromatographic fraction was analyzed for radioactivity and 
ultraviolet absorbancy. The fractions containing dCMP were 
then pooled and the solvent removed by evaporation in a vacuum. 
The material was dephosphorylated with prostatic phosphatase 
and rechromatographed on a Dowex 50 column. Each chromato- 
graphic fraction within the deoxycytidine peak was again ana- 
lyzed for ultraviolet absorbancy and radioactivity. 

The fractions are numbered from the beginning of the peak. 


Fraction No. dCMP Deoxycytidine 
c.p.m./ml c.p.m./pmole |\c.p.m./ml c.p.m./pmole 

1 49 0.5 10,100 62 0.5 12,100 
2 183 1.4 13,100 210 1.6 12,300 
3 330 6 12,800 340 2.9 11,800 
4 422 3.2 13,500 520 4.1 12,700 
5 445 3.4 13,100 381 2.9 13,100 
6 354 3.0 11,800 226 1.9 11,900 
7 266 2.1 |. 12,700 101 0.8 12,600 
8 144 3.2 13,100 

9 59 0.5 11,800 


formed from GMP could be calculated. The result thus cor- 
responded to the sum of deoxyguanosine + dGMP + dGDP + 
dGTP formed. 

This method gave quite reproducible results when care was 
taken to orient the paper strips perpendicular to the axis joining 
the two photomultiplier tubes. When compared with a method 
in which the radioactive compound was eluted from the paper 
and counted at infinite thinness in a windowless Geiger counter, 
the liquid scintillation method accounted for about 70% of the 
radioactivity. 

Chromatography of Deoxyguanosine on Dowex 50-NHy+— 
Chromatography of this type was used for the identification of 
radioactive deoxyguanosine and also in the experiments with 
randomly labeled GMP. In the latter case, large amounts of 
radioactive impurities overlapped with the deoxyguanosine spot 
on paper chromatography. When the eluate from this spot was 
chromatographed on Dowex, the impurities were removed. 

Dowex 50-NH,* was prepared from the hydrogen form of the 
resin by extensive washing with ammonium formate. A column 
of the resin (0.9 X 11 cm) was then prepared and washed with 0.1 
M ammonium acetate, pH 4.5, until the effluent gave this pH. 
The solution to be chromatographed was acidified to a pH be- 
tween 3.5 and 4 by the addition of acetic acid and then adsorbed 
to the column. Elution was carried out with 0.1 mM ammonium 
acetate, pH 4.5. Under those conditions, guanosine was eluted 
from the column between 18 and 45 ml after the start of the 
chromatogram, deoxyguanosine between 36 and 70 ml, and gua- 
nine after about 110 ml. The recovery of deoxyguanosine was 
between 90 and 100%. Considerable overlapping of guanosine 
and deoxyguanosine occurred. A complete separation could be 
obtained by the use of a longer column (0.9 X 20 cm) and 0.025 
M ammonium acetate, pH 4.5, as the eluting agent. On such a 
column, guanosine was eluted between 53 and 92 ml, imme- 
diately followed by deoxyguanosine (between 92 and 132 ml). 


Biosynthesis of DNA. 


IV 
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RESULTS AND DISCUSSION 


Experiments with CMP. Identification of dCMP as Product of 
Reaction—Our assay procedure depended on the coincidence of 
radioactivity with the dCMP peak on a Dowex 50 chromatogram, 
Furthermore, the assay measured the sum of dCMP, dCDp, 
and dCTP formed during the incubation, because pyrophosphate 
bonds were hydrolyzed by acid before the chromatogram. 

The correspondence of radioactivity with dCMP was deter. 
mined by techniques described earlier (5). As shown in Table J, 
a close coincidence between radioactivity and ultraviolet ab. 
sorbancy in the different chromatographic fractions was ob. 
served. Furthermore, after dephosphorylation with prostatic 
phosphatase, the radioactivity had moved completely to the 
position of the deoxycytidine peak, and again radioactivity and 
ultraviolet absorbancy coincided closely (Table I). 

dCMP was formed from CMP without cleavage of the glycosy| 
bond. This was shown by comparing the amount of dCMP 
formation from tritium (-cytosine) and P®*-labeled CMP, 
respectively. In such an experiment, 0.65 mymole of deoxy. 
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Fig. 1. Effects of addition of MgCl. (@---@) and ATP 
(O——O) on dCMP formation from CMP. Incubation under 
standard conditions except for ATP and Mg**, respectively. 

Fic. 2. Effects of addition of MgCl. (@---@) and ATP 
(O——O) on dGMP formation from GMP. Incubation under 
standard conditions except for ATP and Mgt*. 


TaBLeE II 
Identification of radioactive deoxyguanosine 
The deoxyguanosine spots from several paper chromatograms 
were eluted with water and chromatographed on Dowex 50-NH¢. 
Radioactivity and ultraviolet absorbancy were measured in each 
chromatographic fraction. For further explanation see text. 


Fraction No. Deoxyguanosine 
c.p.m./ml | pmoles X 102/ml c.p.m./pmole 
1 17 0.63 2,700 
2 44 | 1.6 2,940 
3 77 2.6 2,960 
4 112 | 3.4 3,290 
5 112 | 3.5 3,190 
6 95 3.0 3,170 
7 72 | 2.2 3,270 
8 52 1.5 3,470 
9 30 | 0.94 3,190 
10 19 0.57 3,330 
11 13 | 0.36 3,610 
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cytidine phosphates was formed from the base-labeled CMP, 
whereas 0.71 mumole was formed from P®-CMP. 

Requirements of Reaction—With an extract from FL. coli, 
optimal formation of (CMP from CMP required the addition of 
ATP and Mg++. At higher concentrations of both substances, 
inhibitions were observed. With the chick embryo extract the 
reaction was stimulated by the addition of ATP, but inhibited by 
the addition of Mg++ (Fig. 1). It should be realized that the 
bacterial preparation was obtained by extraction of the crushed 
bacteria with 5 volumes of buffer, whereas the chick embryo 
extract resulted from a homogenization of the embryos with 0.5 
yolume of buffer. This extract, therefore, no doubt contained a 
considerably higher concentration of endogenous Mg++ than the 
bacterial extract. It seems possible that the formation of (CMP 
by the chick embryo extract also requires Mg**, but that the 
concentration of this ion in the crude extract is sufficient for 
optimal synthesis. The inhibition observed on addition of Mg** 
then would correspond to the inhibition of (CMP formation with 
the bacterial extract observed at higher concentrations of Mg**. 
The involvement of Mg++ in dCMP formation by chick embryo 
extracts was also suggested by the finding that ethylenediamine- 
tetraacetate at 0.15 m concentration completely abolished (CMP 
formation. 

As with the bacterial extract, higher concentrations of ATP 
were inhibitory (Fig. 1), and, similarly, the addition of an ATP- 
regenerating system strongly inhibited (CMP formation. This 
effect will be described fully in the accompanying paper (11). 

The pH optimum of the reaction was between 7.5 and 8.0. 
During incubation, a considerable drop in pH occurred, usually 
amounting to about 0.5 pH unit. 

Experiments with GM P—In these experiments the assay pro- 
cedure depended on the appearance of radioactivity in the 
deoxyguanosine spot on a paper chromatogram. This radio- 
activity corresponded to the sum of deoxyguanosine + dGMP + 
dGDP + dGTP formed from radioactive GMP. 

The identity of the radioactive material with deoxyguanosine 
was established in a manner similar to that described earlier for 
dCMP. Thus the deoxyguanosine spots from the ATP and 
Mg** curves (see below) were extracted with water and the 
combined eluates, containing 3400 c.p.m. of radioactive material, 
were chromatographed on Dowex 50-NH,*, as described in 
“Materials and Methods.” Table II shows that within the de- 
oxyguanosine peak an identical ratio between radioactivity and 
ultraviolet absorption was found in all chromatographic fractions. 
The recovery of total radioactivity was 88%. 

Evidence for the maintenance of the glycosyl linkage during 
the formation of deoxyguanosine phosphates was obtained from 
experiments with randomly labeled GMP as the substrate for 
thereaction (6). In this experiment, which was described earlier, 
it could be shown that the ratio of the specific activity of guanine 
to that of the sugar was very similar in GMP and in the deoxy- 
guanosine phosphates formed. 

Requirements of Reaction—Fig. 2 shows that formation of 
deoxyguanosine phosphate from GMP was stimulated by the 
addition of ATP and Mg*+. Optimal synthesis was observed 
when ATP and MgCl. were added to about 0.002 and 0.01 m 
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concentrations, respectively. 
substances inhibited the reaction. 
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Higher concentrations of both 
Similarly, addition of an 


ATP-regenerating system, such as creatine phosphate + kinase, 
strongly inhibited formation of deoxyguanosine phosphate. 


The present experiments give little information about the level 


of phosphorylation of the reductive step. From experiments in 
which pools of nonlabeled deoxycytidine phosphates were added 
to bacterial extracts, evidence was obtained that the reduction of 


cytidine phosphates occurred at the diphosphate level. 


The 


requirements for the optimal formation of deoxyguanosine phos- 
phates from GMP with chick embryo extracts were similar to 
those found earlier for the reduction of CMP by the bacterial 


extract. 


Thus both reaction sequences depended on the presence 


of ATP and Mg++ but were inhibited by higher concentrations of 


these compounds. 
ing system inhibited in both instances. 


Similarly, the addition of an ATP-regenerat- 
The possibility, there- 


fore, exists that with guanosine phosphates, too, the reductive 


step occurs at the diphosphate level. 


Unfortunately it was not 


possible to carry out experiments with pools of nonlabeled de- 
oxyguanosine phosphates, because these substances strongly 


inhibit the reduction of GMP (11). 


A final decision on this 


point will have to await experiments with purified enzymes. 


SUMMARY 


Deoxycytidine phosphates were formed from cytidine phos- 


phates by enzymes contained in extracts from chick embryos. 
The reaction was stimulated by adenosine triphosphate, but 


inhibited by the addition of Mg++. 


Indirect evidence, never- 


theless, points to a Mg++ requirement of the reaction. 


The same extract catalyzed the formation of deoxyguanosine 
phosphates from guanosine phosphates. 


This reaction was 


stimulated by the addition of adenosine triphosphate and Mg*+. 
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Some of the steps involved in the synthesis of deoxyribonucleic 
acid may be summarized by the following series of reactions: 


A 
Ribonucleotides — deoxyribonucleotides 


B 
— deoxyribonucleic acid 


These reactions indicate that the proximal precursors for deoxy- 
ribonucleic acid, the deoxyribonucleotides, are in turn derived 
from the ribonucleotides. 

Reaction A, which may be referred to as the reductive se- 
quence, was first proposed from the experiments in vivo of Ham- 
marsten et al. (1), and further established for the conversion of 
cytidylic acid to deoxycytidylic acid by Rose and Schweigert (2). 
Subsequent work has further elaborated this pathway (3-8). 
Studies with isolated enzyme systems (9) have indicated that the 
conversion of the ribonucleotide to the deoxyribonucleotide oc- 
curs at the ribonucleoside 5’-diphosphate level. 

Reaction B, which may be termed the polymerase reaction, has 
been shown to occur at the level of the deoxyribnoculeoside 5’- 
triphosphate and the reaction has been investigated in extracts 
of bacterial and animal cells (10-13). 

Until now these two series of reactions have been described as 
disjunct phases; in the present investigations a preliminary at- 
tempt has been made to study the over-all reaction as a unit 
reaction. This would permit an interplay of the two reactions 
to occur and could lead to some understanding of the over-all 
requirements for deoxyribonucleic acid synthesis. The results 
of the present investigation indicate that there exists a very 
sensitive equilibrium between the reductive sequence and the 
polymerase phase, and that several of the optimal requirements 
of one reaction are contradictory to the corresponding require- 
ments of the other. These experimental findings lead us to 
believe that the interplay of these two reactions may be a critical 
factor in the regulation of deoxyribonucleic acid synthesis. A 
preliminary report of this work has been published (14). 


EXPERIMENTAL PROCEDURE 
Methods and Materials 


The preparation of the chick embryo extract (15), the synthesis 
of CMP-P® (16), GMP-C™ (15), and d@MP-C* (17), 
and the methods for the chromatographic separation of the 
ribonucleosides and ribonucleotides from the corresponding de- 
oxyanalogues of cytosine (16) and guanine (15), as well as the 
separation of the deoxyribonucleotides from an enzymatic hy- 
drolysate of DNA, have been previously described (17). The 
isolation of DNA from the incubation mixtures and its prepara- 
tion for counting are those routinely used (18) with the following 


modifications: washings were carried out with 0.4 Nn HCIQ, in. 
stead of 5% trichloroacetic acid, after the final acid hydrolysis, 
aliquots of samples containing C“ or H* were counted with a 
liquid scintillation counter, whereas the supernatant fluids of 
samples containing P® were neutralized with KOH and aliquots 
plated for counting. The snake venom phosphodiesterase was 
purified by the method of Koerner and Sinsheimer (19), in- 
cluding the modifications suggested by Razzell and Khorana 
(20). The micrococcal DNase was prepared according to the 
method of Cunningham et al. (21) as modified by Reddi (22), and 
the spleen phosphodiesterase was prepared according to the 
method of Hilmoe (28). 

It was first necessary to establish that extracts of chick 
embryos were capable of incorporating deoxyribonucleotides into 
DNA and, in addition, that they contained the complex of en- 
zymes required to convert CMP and GMP into the corr. 
sponding deoxyribonucleotides before their incorporation into 
DNA. 

Deoxyribonucleotides as Precursors of DN A—As shown in Fig. 
1, incubation of the enzyme preparation with dCMP-C* or 
dGMP-C* results in the incorporation of the label into the DNA 
fraction. In addition, the results of Fig. 1 show that the extent 
of incorporation is greater in the presence of an ATP-regenerating 
system. This point has been previously observed (12) for other 
enzyme systems and will be discussed later in the text. 

Ribonucleotides as Precursors of DN A—In order to establish 
that the reactions under study involved a direct transformation o 
cytidylic acid to deoxycytidylic acid, rather than a transgly- 
cosylation reaction, the following experiments were performed. 
CMP-H? and CMP-P® were incubated separately with the en- 
zyme preparation and the appearance of label in dCMP, as well 
as the incorporation of label into DNA, were measured. Fig. 2 
shows the identical behavior of the two isotopes in these two 
reactions, and thus we may derive the conclusion that the CMP 
molecule is transferred in an intact manner into dCMP and into 
DNA. 

The nature and location of the original substrate molecule, 
CMP, in its final position in DNA was investigated. For this 
purpose the DNA isolated after incubation of the enzyme system 
with CMP-P® was degraded as described in Table I. The data 
which are presented in Table I indicate that the radioactivity 
isolated from DNA subsequent to hydrolysis by pancreati¢ 
deoxyribonuclease is indeed bound to deoxycytidylic acid; 
furthermore, the fact that the compound is bound in inter- 
nucleotide link is established by the distribution of isotope among 
other deoxyribonucleotides as a result of the action of micrococcal 
deoxyribonuclease. 
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With GMP-C" as substrate for the over-all reaction, A and B, 
astudy was performed in order to identify the radioactive compo- 
nent in DNA. The incubation mixture contained 1.2 ml of 
enzyme (19 mg of protein), 290 mumoles of GMP-C™ (400,000 
cp.m.), 4 umoles of ATP, 16 wmoles of MgCl, and 400 ug of 
heat-treated DNA in a final volume of 1.64 ml; incubation was 
carried out for 60 minutes, and subsequently the DNA was iso- 
lated. About 0.35% of the isotope present in the incubation 
mixture was found in the DNA. After hydrolysis by pancreatic 
deoxyribonuclease and snake venom diesterase, the resulting 
individual deoxyribonucleotides and the nucleosides were 
separated on a Dowex 1-formate column. The radioactivity was 
found to be quantitatively associated with the dGMP peak. 
This material was collected and treated in the routine manner for 
separation of GMP from dGMP; analysis of the material showed 
that all radioactivity resided in dGMP. 

Requirements of Reactions. Optimal pH—The effect of pH was 
examined only briefly because of the complex nature of the reac- 
tions under investigation. Studies with Tris and phosphate 
buffers showed that a low pH (pH 6.2 to 6.8, phosphate) favored 
optimal enzymatic activity with respect to the polymerase en- 
zyme complex; in contrast, a relatively high pH (pH 7.5 to 8.0, 
Tris) was required in the reduction step. An intermediate pH 
(pH 7.5, Tris) was selected when the entire sequence of reactions 
was considered. 

Mg*+ Requirement—The Mg++ requirement for the over-all 
reaction was found to be approximately 1 x 10-? M, which cor- 
responds very closely to the optimal Mg++ requirement for the 
polymerase reaction in this system (5 X 10-* to 1 x 10-*). In 
contrast, the reductive sequence showed no requirement for 
added Mg++, although a role for metal ions in this reaction was 
suggested by the finding that Versene (the disodium salt of 
ethylenediaminetetraacetic acid) inhibited the reaction (15). 

Effect of Added DN A—In agreement with other results (10, 
12, 25), it was found that the polymerase reaction required the 
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Fic. 1. A comparison of the effect of various energy sources on 
the rate of deoxyribonucleotide incorporation into DNA. Sub- 
strates, ACMP-C™ or dGMP-C*. Incubation mixtures contained 
0.3 ml of enzyme (4.2 mg of protein), 11.25 mumoles of dCMP-C 
(18,000 c.p.m.) or 12 mumoles of dGMP-C™ (13,000 c.p.m.), 1 
amole of ATP, 5 umoles of MgCl, and 0.1 mg of heat-treated 
DNA in a total volume of 0.41 ml. Where indicated, 4.5 umoles of 


creatine phosphate (C ~ PO,) and 0.1 mg of creatine kinase (C- 
kinase) were added. dCMP-C4“ = @——@ and O——O; dGMP- 
= @---@ and O---O. 
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Fic. 2. A comparison of the behavior of CMP-P®? and CMP-H:. 
The incubation mixtures contained 0.4 ml of enzyme (4.5 mg of 
protein), 93 mumoles of CMP-H? (6.3 X 10° ¢.p.m.) or 97 mumoles 
of CMP-P® (4.7 X 108 c.p.m.), 1.5 umoles of ATP, 7.5 umoles of 


MgCl, and 0.1 mg of heat-treated DNA in a final volume of 0.40 
ml. 


presence of added DNA and that heated DNA acted as a much 
better primer than nonheated DNA (Table II). Accordingly, 
in all experiments in which the over-all reaction or the polymerase 
reaction was studied, heated DNA was included in the incuba- 
tion. 


Effect of High Energy Phosphate—Experiments were performed 
in order to compare the effectiveness of various energy sources for 
the polymerase phase. Fig. 1 shows that the rate of incorpora- 


TABLE I 

Identification of radioactivity incorporated into DN A from P*?-CMP 

A vessel containing 0.6 ml of enzyme, 228 mumoles of CMP-P* 
(9.1 X 10° c.p.m.), 3 umoles of ATP, 15 umoles of MgClz, and 200 
ug of heat-treated DNA in a final volume of 0.8 ml was incubated 
for 60 minutes. It was found that about 0.5% of the isotope 
which had been added to the incubation mixture had been incor- 
porated into an acid-insoluble form. After isolation of the DNA, 
one portion was subjected to pancreatic deoxyribonuclease fol- 
lowed by snake venom diesterase to yield the 5’ deoxymononucleo- 
tide components of DNA. Another portion was treated with mi- 
crococcal deoxyribonuclease (21), followed by spleen diesterase 
(23) to yield 3’ deoxymononucleotide components. The products 
of the enzymatic hydrolyses were isolated by column chromatog- 
raphy. As a result of pancreatic deoxyribonuclease and snake 
venom diesterase action, the original phosphate portion of the 
substrate deoxymononucleotide is retained with the parent nu- 
cleoside whereas the mechanism of action of micrococcal deoxy- 
ribonuclease and spleen diesterase results in a transfer of phos- 
phate to the adjacent nucleoside of the DNA chain (24). 


Per cent of original material recovered after 
separation of components on a Dowex 1-formate 


column 
Treatment 
Assay of ultraviolet- Measurement of radio- 
absorbing material activity 
% Component % 
Pancreatic deoxyribo- | Nucleotides | 83} dCMP 88 
nuclease, and spleen Other nucle- | None 
diesterase otides 
Micrococeal deoxyribo- | Nucleotides |102) dAMP 29 
nuclease, and snake dGMP 23 
venom diesterase TMP 33 
dCMP 16 
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Effect of DNA on polymerase phase 

The incubation mixtures contained 0.3 ml of enzyme (3.6 mg 
of protein), 22.5 mumoles of dCMP-C* (36,000 c.p.m.), 0.5 umole 
of ATP, 2.5 umoles of MgClo, 4.5 umoles of creatine phosphate, 100 
ug of creatine kinase, and additions as indicated in a final volume 
of 0.455 ml. A neutralized stock solution containing 2 mg of calf 
thymus DNA per ml of water was used. Heat treatment of this 
solution was performed by permitting the solution to stand in a 
boiling water bath for 10 minutes and then immersing it quickly 
into an ice bath. The enzymatic incubation was carried out for 
60 minutes. 


Experiment Additions 
ug mpmoles 
1 Unheated DNA, 40 0.17 
Heated DNA, 40 1.85 
2 Unheated DNA, 40 0.14 
Unheated DNA, 100 0.21 
Unheated DNA, 200 0.23 
Heated DNA, 100 1.51 
3 Heated DNA, 20 1.24 
Heated DNA, 40 1.87 
Heated DNA, 60 2.50 
Heated DNA, 100 2.79 
Heated DNA, 200 2.84 
T T i 1,0+ 
12 
| 
| 13 
= 
05+ 
13 | 
minutes minutes 
Fig. 3 Fig. 4 


Fig. 3. A comparison of the effect of various energy sources on 
the rate of the over-all reaction. Substrate, CMP-P*. Incuba- 
tion mixtures contained 0.4 ml of enzyme (4.2 mg of protein), 114 
mymoles of CMP-P*® (4 X 10° c.p.m.), 1 umole of ATP, 5 umoles of 
MgCle, and 0.1 mg of heat-treated DNA in a final volume of 0.41 
ml. Where indicated, 4.5 umoles of creatine phosphate and 0.1 
mg of creatine kinase were added. 

Fie. 4. A comparison of the effect of various energy sources on 
the reductive sequence, and an analysis of products of the reduc- 
tive sequence. Substrate, CMP-H*. Incubation mixtures con- 
tained 0.3 ml of enzyme, 0.1 umole of CMP-H? (3 X 10° ¢.p.m.), 
0.67 umole of ATP, and 3.3 umoles of MgCl: in a total volume of 
0.37 ml. Where indicated, 5 umoles of creatine phosphate and 
0.067 mg of creatine kinase were added. 


tion of dCMP-C" into DNA was greater and was also linear for: 


a longer period of time in the presence of an energy-regenerating 
system containing ATP, Mg*+, creatine phosphate, and creatine 
kinase than in the presence of ATP and Mg** alone; in addition, 
the extent of dCMP-C™ incorporation into DNA was greater 
under the former conditions. Similar results have been pre- 
viously reported for extracts of regenerating rat liver (12). 
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Evaluation of the energy requirements for the over-all reaction 
sequence A and B (Fig. 3) showed that optimal incorporation of 
label from CMP into DNA was favored by ATP and Mg** alone 
in the absence of a high energy phosphate-regenerating system, 

A time study of the course of the reductive sequence (Fig. 4) 
showed that the yield of (CMP was much greater when ATP and 
Mg** alone were used as the energy source than when creatine 
phosphate and creatine kinase were also included in order to 
regenerate ATP. A comparison of the energy requirements for 
the reductive sequence to those of the polymerase reaction sug. 
gests that a critical balance must be maintained among the 
phosphorylated intermediates with respect to the over-all reac. 
tion. The presence of ATP and Mg++ would facilitate a distri- 
bution of mono-, di-, and triphosphate derivatives, whereas in the 
presence of a regenerating system the nucleotide derivatives 
would be maintained primarily in the triphosphate form. These 
findings would be in agreement with previous evidence that the 
ribonucleoside diphosphate is the substrate for the reduction 
step, whereas the triphosphate is required for the polymerase 
enzyme (10). 

Effect of Added Deoxyribonucleotides—It has been previously 
shown that the polymerase reaction acts optimally in the presence 
of all four deoxyribonucleoside triphosphates. This was verified 
in the present experiments as shown in Fig. 5. The incorpora- 
tion of dCMP-C" and dGMP-C* into DNA was enhanced when 
a mixture of the nonradioactive complementary deoxyribonucleo- 
side triphosphates was added to the incubation mixture. 

CMP-P® as Substrate—When the over-all reaction was studied 
with CMP-P® as a substrate under the optimal conditions 
established above, an inhibition of incorporation of CMP-P®* into 
DNA was obtained. When the effect of the individual deoxy- 
ribonucleoside 5’-triphosphates was studied (Fig. 6), an inhibiton 
was again noted in all cases. The inhibition of CMP incorpora- 
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Fic. 5. The effect of a mixture of deoxyribonucleoside triphos- 
phates on the polymerase phase. Left curve (substrate, dCMP- 
C): Incubation mixtures contained 0.3 ml of enzyme, 22.5 mp- 
moles of dCMP-C* (36,000 c.p.m.), 1.5 umoles of ATP, 7.5 »moles 
of MgClz, 0.1 mg of heat-treated DNA, and a mixture of dATP, 
dGTP, and TTP in ratios of 1:1:1.5 in a total concentration as 
indicated. Incubations were carried out for 15 minutes in a final 
volume of 0.42 ml. Right curve (substrate, (GMP-C"): Incuba- 
tion mixtures contained 0.3 ml of enzyme, 12 mymoles of dGMP- 
C™ (13,000 c.p.m.), 1 ymole of ATP, 5 umoles of MgCle, 4.5 wmoles 
of creatine phosphate, 0.1 mg of creatine kinase, 0.1 mg of heat- 
treated DNA, and a mixture of dATP, dCTP, and TTP in ratios 
of 1.2:1.3:1. Incubations were carried out for 30 minutes In 8 
final volume of 0.42 ml. 
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tion into DNA seemed to be approximately equivalent when the 
yarious deoxyribonucleoside triphosphates were compared. 
Under these conditions, the effect of added dCTP could not, of 
course, be studied. 

The effect of deoxyribonucleoside triphosphates on the reduc- 
tive sequence was studied and the effectiveness of the individual 
deoxyribonucleoside triphosphates as inhibitors of this step is 
summarized in Fig. 7. Concentrations of 1 x 10-5 m dATP or 
dGTP resulted in about 50% inhibition; the effectiveness of this 
inhibition may be appreciated when it is contrasted to the 
ribonucleotide concentration in the incubation media, which was 
9.5 X 10-3 m for ATP and 4 X 10-*for CMP. The inhibitory 
effect of each deoxyribonucleoside triphosphate on the reductive 
sequence seemed to be independent of the presence of the other 
deoxyribonucleoside triphosphates and unpublished experiments 
have shown the effects to be additive. 

GMP-C™ as Substrate—The effects of the individual deoxy- 
ribonucleoside triphosphates on the over-all reaction with GMP- 
C“ as a substrate are presented in Fig. 8. It may be seen that 
whereas the addition of TTP or dCTP was stimulatory the addi- 
tion of dATP was strongly inhibitory. When a similar study was 
repeated on the reductive sequence, with GMP-C" as substrate 
(Fig. 9), it is seen that the results were comparable. In this case 
it was noted that, in addition to the inhibitory effect exerted by 
dATP, the addition of dGTP was found to be strongly in- 
hibitory for the reduction of guanylic acid. 

Several tests were made in order to dissociate the inhibitory 
role of dATP on the over-all reaction from that of a contaminant 
in the preparation of dATP. A portion of the stock solution of 
dATP was subjected to mild acid hydrolysis (pH 3) at 100°; 
aliquots of the hydrolysis mixture were taken at various intervals 
of time up to 10 minutes and the unhydrolyzed dATP was 
separated from adenine and isolated by recovery from a short 
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Fic. 6. The effect of individual deoxyribonucleoside triphos- 
phates on the over-all reaction. Substrate, CMP-P**. Incuba- 
tion mixtures contained 0.3 ml of enzyme (4.4 or 3.7 mg of protein), 
143 mumoles of CMP-P** (6.3 X 10 or 3.8 X 10® c.p.m.), 1 umole 
of ATP, 4 umoles of MgCle, and 0.1 mg of heat-treated DNA. In- 
cubations were carried out for 15 minutes in a final volume of 0.43 
ml. The values are given as per cent of DNA synthesis in order 
to allow a direct comparisoe of the two different experiments. In 
the first experiment (effect of TTP or dGTP), 100% corresponded 
to0.139 mumole of dCMP in DNA; in the second experiment (effect 
of dATP, TTP, or dGTP), 100% corresponded to 0.196 mumole. 
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Fic. 7. The effect of individual deoxyribonucleoside triphos- 
phates on the reductive sequence. Substrate, CMP-H*. Incuba- 
tion mixtures contained 0.3 ml of enzyme (3.6 to 3.9 mg of protein), 
155 mumoles of CMP-H? (2.85 X 10° c.p.m.), 1 umole of ATP, and 
individual deoxyribonucleoside triphosphates as indicated. In- 
cubations were carried out for 15 minutes in a total volume of 0.38 
ml. Experiment 1, dATP, dCTP; Experiment 2, TTP; Experi- 
ment 3, dGTP. 
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Fic. 8. The effect of individual deoxyribonucleoside triphos- 
phates on the over-all reaction. Substrate, GMP-C™. Incuba- 
tion mixtures contained 0.33 ml of enzymes (3.3 to 4.4 mg of pro- 
tein), 72 mumoles of GMP-C* (99,000 c.p.m.), 1 umole of ATP, 4 
pumoles of MgCle, 0.1 mg of heat-treated DNA, and individual de- 
oxyribonucleoside triphosphates as indicated in a total volume of 
0.44 ml. Incubations were carried out for 30 minutes. Experi- 
ment 1; dATP; Experiment 2, dCTP, TTP. 


Dowex 50-H+ column. A concentration curve of this residual 
dATP was determined and compared with a concentration curve 
made by using the stock dATP solution. The results are 
presented in Fig. 10. The fact that the two inhibition curves are 
superimposable provides strong evidence that a phosphorylated 
derivative of deoxyadenosine is the active inhibitor. In another 
sample of the same experiment, it was shown that 3.7 x 10-°m 
dAMP evoked as much inhibition as equimolar amounts of 
dATP. In the presence of the energy-regenerating system it 
would be expected that dAMP would be converted to the di- and 
tri-phosphate forms. Deoxyadenosine did not inhibit the reac- 
tion when added in concentrations up to 5 X 10-4 m. 

The possibility was considered that a particular deoxyribo- 
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Fig. 9. The effect of individual deoxyribonucleoside triphos- 
phates on the reductive sequence. Substrate,GMP-C™. Incuba- 
tion mixtures contained 0.1 ml of enzyme (1.1 mg of protein), 17 
myumoles of GMP-C™ (68,000 c.p.m.), 0.25 wmole of ATP, 1.5 
umoles of MgCls, and individual deoxyribonucleoside triphos- 
phates as indicated in a total volume of 0.14ml. Incubations were 
carried out for 30 minutes. Experiment 1, dATP, dGTP; Experi- 
ment 2, TTP; Experiment 3, dCTP. 
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Fic. 10. The role of dATP as an inhibitor of the reductive se- 
quence and of the over-all reaction. Substrate, CMP-P**. The 
incubation mixtures contained 0.3 ml of enzyme (3.9 mg of pro- 
tein), 114 mumoles of CMP-P* (2.7 X 10% c.p.m.), 1 umole of ATP, 
5 umoles of MgCl2, 4.5 umoles of creatine phosphate, 0.1 mg of 
creatine kinase, 0.1 mg of heat-treated DNA, and dATP as indi- 
cated in a final volume of 0.41 ml. Incubations were carried out 
for 30 minutes. ---, mymoles of (CMP formed; ——, mumoles of 
dCMP in DNA; ©, @, stock dATP; +, X, partially hydrolyzed 
dATP; O, dAMP. 


nucleoside triphosphate may merely sequester the product of the 
reduction reaction, rendering it unavailable for assay, rather than 
inhibit in some way during the course of the reaction. Amounts 
of dATP known to result in essentially complete inhibition of the 
reductive sequence were added to the incubation mixture with 
dCMP-C* at levels several times as large as those expected to be 
formed by enzymatic reduction of CMP. The added dATP 


Regulatory Mechanism for DNA Synthesis 


Vol. 236, No. 9 


caused no change in the dCMP content of the incubation mixture 
and, thus, the possibility that dATP may act at a site after 
formation of the product deoxynucleotide must be excluded, 


DISCUSSION 


In this study, data have been accumulated describing charac. 
teristics of a metabolic pathway in which a ribonucleotide is first 
transformed to its corresponding deoxyribonucleotide and sub. 
sequently incorporated into DNA. Cytidylic acid was chosen 
as an example of a pyrimidine nucleotide and guanylic acid as an 
example of a purine nucleotide. 

In studying the various factors which contribute to the optima] 
operation of the reductive sequence, as compared to those which 
favor the operation of the polymerase phase, a series of ap- 
parently contradictory requirements has been found. 

The differences observed in pH optima and Mg++ require- 
ments, as well as the contrasts noted in the level of phosphoryla- 
tion required for each reaction, provide interesting points of 
speculation. The most striking of the contradictory require- 
ments is that, whereas the reduction of a ribonucleotide to its 
deoxyribonucleotide is inhibited by the presence of certain other 
deoxyribonucleotides, the polymerase reaction requires the con- 
current presence of the other deoxyribonucleotides in concentra- 
tions which might well be inhibitory to the reductive sequence. 

The information we have presented so far does not permit us to 
define whether the inhibition is exerted by the deoxyribonucleo- 
side mono-, di-, or tri-phosphates although the experiments have 
excluded the deoxyribonucleosides as the actual inhibitors. 

Considering the reductive sequence for each of the nucleotides 
separately, it is noted that the reduction of cytidylic acid is not 
affected by the presence of deoxycytidylic acid, although it is 
strongly inhibited by the presence of any one or all of the com- 
plementary deoxyribonucleotides. When guanylic acid is used 
as the substrate, the reductive sequence is strongly inhibited by 
the purine deoxyribonucleotides but not by the presence of the 
pyrimidine deoxyribonucleotides. 

The inhibition of the reduction of guanylic acid by the added 
deoxyguanylic acid could indicate some type of product inhibi- 
tion, a phenomenon which would be in conformity with many 
enzymatic inhibitions. This interpretation cannot have any 
general validity because of the lack of inhibition of the reductive 
sequence for cytidylic acid by the added deoxycytidylic acid. 
Rather a common characteristic of these two reactions is that 
they are inhibited by the purine deoxyribonucleotides whereas 
they are both not inhibited by the deoxycytidylic acid. The 
role of thymidylic acid seems to be less well defined because this 
compound only inhibited the reduction of cytidylic acid. 

This particular inhibitory action of the deoxyribonucleotides 
on the reductive sequence probably plays a significant role in the 
metabolism of whole cells and provides a possible explanation of 
the inhibition of DNA synthesis in Ehrlich ascites cells noted by 
Klenow (26). Langer and Klenow (27) have suggested that 
deoxyadenosine interferes with the synthesis of deoxyguanosine, 
whereas Overgaard-Hansen (28) and Munch-Petersen (29) have 
provided additional evidence that the inhibition by deoxy- 
adenosine is associated with the reduction of guanylic acid. In 
addition, it seems that this mechanism plays a role in the cell 
cultures of mammalian cells; Morris and Fischer (30) have shown 
that in such cell cultures the inhibitory action of thymidine X 
exerted on the conversion of cytidylic acid to deoxycytidylic acid 
and can be reversed by the presence of deoxycytidine. 
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Recently Maley and Maley (31) have published a relevant 
study in which they show that the addition of deoxyadenylic acid 
to chick embryo minces inhibits the incorporation of cytidylic 
acidinto DNA. Their conclusions as to the actual mechanism of 
inhibition are different from those arrived at in the present study 
probably because they did not measure the inhibitory effects on 
the accumulation of deoxyribonucleotides in the medium. 

The results presented so far can fit into a scheme of reactions 
which help regulate the cellular levels of substrates associated 
with the synthesis of deoxyribonucleic acid. The variation in 
the cellular level of thymidylic acid kinase already noted (32), 
and the inhibition of deoxyribonucleotide synthesis described 
here, probably are part of such a general mechanism which 
participates in the regulation of DNA synthesis. The over-all 
mechanism shall probably be elucidated as more such reactions 
come to our attention. 


SUMMARY 


Extracts of chick embryo homogenates catalyze the synthesis 
of deoxyribonucleic acid from ribonucleotides. This reaction 
involves the preliminary reduction of the ribonucleotide to the 
corresponding deoxyribonucleotide and the polymerization of 
the latter to deoxyribonucleic acid. 

This pathway of deoxyribonucleic acid synthesis has been 
studied with both cytidylic acid and guanylic acid as precursors. 
A number of contradictory requirements has been noted for the 
reductive phase and for the polymerization phase. Most promi- 
nent among these is that the reduction of cytidylic acid is 
strongly inhibited by the deoxynucleoside triphosphates of 
thymine, guanine, and adenine, whereas the reduction of guanylic 
acid is strongly inhibited by the deoxynucleoside triphosphates of 
guanine and adenine; in contrast, the presence of the four deoxy- 
nucleoside triphosphates is required for their polymerization into 
deoxyribonucleic acid. It is postulated that these contradictory 
requirements participate in a regulatory mechanism for the bio- 
synthesis of deoxyribonucleic acid from ribonucleotide precur- 
sors. 
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During investigation by the United States Geological Survey 
of modern marine sediments from the Bahama Banks, B. W. L., a 
marine pseudomonad, Pseudomonas sp. (strain G4A) was isolated 
and found to be capable of fractionating hydrogen isotopes in the 
course of producing molecular hydrogen gas (1, 2). Mass 
spectrometric analysis of the hydrogen produced showed this 
hydrogen to be greatly depleted in deuterium compared to ocean 
water. In view of this finding, it was decided to investigate the 
phenomenon further, and informal cooperation for this purpose 
was arranged between research personnel of the National In- 
stitutes of Health and the Geological Survey. Studies have been 
undertaken to (a) elucidate the pathway of hydrogen production, 
and (b) characterize the fractionation effect. 

The metabolism of molecular hydrogen by microorganisms has 
been reviewed by Gest (3). This excellent presentation provided 
the basis for most of the present metabolic studies. The fol- 
lowing definitions are used in the investigations to be described: 


(a) Formic hydrogenlyase: HCOOH — CO: + H: 
(b) Formic dehydrogenase: HCOOH — CO; 2H* + 2e7 
(c) Hydrogenase: 2H* + s 


These definitions are merely operational and carry no implica- 
tions as to the mechanisms involved or the number of enzymes 
concerned with catalyzing the reactions represented. 

The literature on hydrogen isotope effects in chemical and 
biochemical reactions has been reviewed by Wiberg (4). 

The investigations herein described demonstrate that (a) 
Pseudomonas sp. (strain G4A) evolves hydrogen by a pathway 
similar to that found in the coliform organisms, (b) the evolved 
hydrogen contains 10 to 30% less deuterium than would be 
expected from equilibrium considerations, and that (c) the 
depleted deuterium content is characteristic of the hydrogenase 
reaction in this organism. 


EXPERIMENTAL PROCEDURE 
Methods and Materials 


Bacteriological—Cultures were grown in a liquid medium 
containing: tryptone, 1%; yeast extract, 1%; KeHPO,, 0.5%; 


* Department of Health, Education, and Welfare, Public Health 
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Allergy and Infectious Diseases, Bethesda, Maryland. Present 
address, National Institute of Dental Research, National Insti- 
tutes of Health, Bethesda, Maryland. 
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Workers: National Institute of Allergy and Infectious Diseases, 
National Institutes of Health, Bethesda, Maryland. 


Alter- 
natively, a medium (V-15ly) with the following composition was 
used: glucose, 10 g; yeast extract, 10 g; peptone, 1 g; K,HPO, 
1 g; KH2PO,, 0.5 g; NH,Cl, 0.5 g; Na2SOs, 0.1 g; CaCl, 0.1 g: 
NaHCoOs, 0.1 g; FeCls, 0.05 g; sea water, 500 ml; and distilled 


glucose, 0.56%; and Salts B,! 5 ml per liter of medium. 


water, to 1000 ml. The cultures were incubated at room 
temperature (25°) and, except when noted, without aeration. 
Resting cells and cell-free extracts were prepared as follows. 
The cells obtained from 17 liters of the first medium after 24 
hours of growth (inoculum = 10%; 24-hour culture) were used. 
The cells were harvested by centrifugation, washed once with 400 
ml of distilled water, and resuspended in 100 ml of distilled water. 
Cell-free extracts were prepared by disrupting the cells in a 200- 
watt Raytheon 10-ke magnetostriction sonic oscillator and re- 
moving the debris by centrifugation at 5000 x g. It was found 
that good activity in cell-free extracts was obtained only when 
the air in the oscillator cup was replaced by helium. The usual 
steel cap was replaced by a two-hole rubber stopper fitted with 
two tubes for flushing helium through the bacterial suspension 
before oscillation. 

Because preparations thus obtained varied widely in their 
ability to produce hydrogen, no attempt was made to standardize 
the activity with respect to protein content of the extract. The 
variability found is presumably caused by traces of air remaining 
in the oscillator cup during oscillation as well as by the well 
known instability of such hydrogen-evolving systems in cell-free 
extracts. 

Materials—Deuterated sodium formate (> 99.5% deuterium) 
was prepared by the method of Rachele et al. (5). Deuterium 
oxide (> 99.5%) was purchased from the Stuart Oxygen Com- 
pany. 

Determinations—Metabolic gas production was determined at 
32° with a Warburg respirometer (6). 

Pyruvate was measured colorimetrically by the method of 
Friedemann and Haugen (7). Acetate and formate were 
determined by the column chromatography procedure of Swim 
and Utter (8) with the following modifications: (a) n-hexane was 
substituted for chloroform in the solvent system (acetate was 
eluted with 2% n-butanol in hexane, formate with 5% n-butanol 
in hexane); (6) 0.01 N ethanolic KOH was used to titrate the 
fractions to the bromthymol blue end-point. 

Deuterium was determined by means of a specially constructed 
mass spectrometer with an accuracy of +1 p.p.m. (9-11). 


1 Salts B = MgSO,-7H.0, 10 g; NaCl, 0.5 g; FeSO,, 0.5 g; Mn- 
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RESULTS 


Crude cell-free extracts of anaerobically grown Pseudomonas 
sp. (strain G4A) metabolized glucose, pyruvate, or formate with 
the formation of molecular hydrogen (Fig. 1). Resting cells 
(glucose-grown) also formed hydrogen when incubated with 
glucose and formate but not when pyruvate was the substrate. 
However, pyruvate-grown cells were able to use pyruvate as the 
substrate for hydrogen production, thus indicating that pyruvate- 
grown cells can synthesize a specific pyruvate transport mech- 
anism whereas glucose-grown cells do not. 

Formic Hydrogenlyase—The pseudomonad grew on ordinary 
nutrient broth without added carbohydrate; however, no gas 
production resulted. If fermentable carbohydrate or formate 
was added, copious gas production ensued. In view of this 
observation, it was decided to study the pathway of hydrogen 
production from formate. The stoichiometry of formate and 
pyruvate degradation by cell-free extracts is shown in Table I. 
The utilization of formate yielded approximately equimolar 
quantities of H, and COz. Hydrogen, carbon dioxide, and 
acetate were the major products of pyruvate degradation. (See 
“Discussion’’). 

The effect of aeration during growth on formic hydrogenlyase 
is illustrated in Fig. 2. Extracts obtained from aerobically 
grown cells did not catalyze hydrogen production from formate. 
The same was true of the resting cells from which these extracts 
were derived. However, combining the extract obtained from 
cells grown aerobically with the extract from cells grown an- 
aerobically increased the rate of hydrogen production by about 
30% over the rate obtained with the extract derived from 
anaerobically grown cells alone. The extent of the stimulation 
with respect to the amount of added extract from aerobic cells is 
shown in Fig. 3. The smallest amount of aerobic extract added 
(0.02 ml) was responsible for the greatest stimulation of hydrogen 
production rate. Maximal stimulation was achieved with 0.3 
ml of the extract from aerobic cells in the experiment under dis- 
cussion. 

Ferrous ion stimulated the initial rate of hydrogen evolution 
by a factor of 1.6 (corrected for endogenous values) as shown in 
Fig. 4. After 20 minutes, no stimulation was observed. Ferric 
ion would not substitute for the reduced form. Arsenite (2 x 
10° m, final concentration) was inhibitory to the extent of less 
than 10%. Sodium hydrosulfite (1 mg/3 ml of reaction mixture 
added after gassing with helium) prevented hydrogen evolution, 
in contrast to the results of Peck et al. (12). 

The rate of hydrogen production is decreased in the presence 
of 33% deuterium oxide by as much as 60%. The percentage 
inhibition observed proved to be highly variable, decreasing as 
the activity of the preparation decreased. Deuterated formate, 
under the same conditions, also was inhibitory as illustrated in 
Fig. 5. In this case, 33% D.O inhibited by 12%, whereas 
DCOONa (> 99.5% labeled) diminished the rate of hydrogen 
evolution by 33%. 

Formic Dehydrogenase—The presence of formic dehydrogenase 
was determined qualitatively by observing the ability of extracts 
to reduce methylene blue in the presence of formate under an- 
aerobic conditions. In addition, benzyl viologen reduction was 
noted. When the assay conditions described by Wolin and 
Lichstein (13) were used, it was shown that formic dehydro- 
genase was present in extracts from cells grown either aerobically 
or anaerobically (Fig. 6). No gas production was observed in 
control flasks containing sodium hydroxide in the center wells. 
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When simultaneous assays of formic dehydrogenase and formic 
hydrogenlyase (see Fig. 5 for latter data) were performed on the 
same extract, no inhibition of formic dehydrogenase was ob- 
served in the presence of D,O or DCOONa (Fig. 7). Also, no 
inhibition was observed when the cell-free extract was derived 
from aerobically grown cells. 

Hydrogenase—The preliminary observations that extracts 
would catalyze the reduction of either methylene blue or benzyl 
viologen under a hydrogen atmosphere provided evidence for the 
presence of hydrogenase. Further characterization of the 
hydrogenase activity in these extracts was carried out as follows. 

Hydrogen utilization with methylene blue as the acceptor was 
used as a measure of hydrogenase. It was determined that D.O 
had no effect on the rate of hydrogenase action (Fig. 8). In 
addition, extracts derived from aerobically grown cells catalyzed 
hydrogen uptake at less than 1.0% the rate found when extracts 
derived from an equivalent amount of anaerobically grown cells 
were assayed. 

Isotope Fractionation—The distribution of deuterium after 
growth was determined as follows. Two 3-liter cultures were 
grown at 25° in medium V-15ly with 50% sea water in one and 
distilled water in the other. The gas resulting from each was 
trapped by water displacement and saved for analysis. The 
cells were harvested by centrifugation and the intracellular water 
(obtained by drying in a vacuum at 110°) analyzed for deuterium 
content. The water produced by combustion of the dry residue 
with oxygen was analyzed. The data are presented in Table IT. 
The evolved hydrogen was depleted in deuterium content by a 
factor of about 5. The intracellular water (uncorrected for 
intercellular water trapped in the packed cells) remained es- 
sentially unchanged, whereas the cellular hydrogen was depleted 
in deuterium content by 7 to 10%. 

The enzymatic system responsible for isotope fractionation 
was investigated by analyzing the gas evolved by two cultures 
grown as described in the previous experiment. In one culture, 
the glucose of the medium was replaced by 1.0% sodium formate. 
The gas was again collected by water displacement. Samples 
were taken at 31.5 and 142 hours. The data presented in Table 
III demonstrate that there is no difference in deuterium content 
in hydrogen evolved by cultures utilizing glucose or formate. In 
addition, time does not appear to be a significant factor in 
fractionation for the periods studied. 

Resting cells and cell-free extracts both fractionate hydrogen 
isotopes as shown in Table IV. Furthermore, they fractionate 
to the same extent. It is not known whether the 37 p.p.m. 
deuterium content of the evolved hydrogen (versus 29 to 34 p.p.m. 
in the growing culture experiments above) is caused by differences 
in experimental technique or is a function of resting cells and 
extracts. In this experiment, the evolved gas was allowed to 
remain in contact with the incubation mixture, whereas in the 
case of growing cells, the gas was trapped in a separate vessel. 


DISCUSSION 


The evidence herein presented (Fig. 1) indicates that glucose is 
metabolized by Pseudomonas sp. (strain G4A) to yield pyruvate. 
Pyruvate, in turn, gives rise to formate by the phosphoroclastic 
reaction. A formic hydrogenlyase system catalyzes the con- 
version of formate to molecular hydrogen and carbon dioxide. 
The proposed pathway for conversion of pyruvate to acetate and 
formate, and the conversion of formate to hydrogen and carbon 
dioxide is supported by the stoichiometric data. It has been 
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Fic. 1. Hydrogen gas production by cell-free extracts. The 
main compartment of each Warburg flask contained sodium phos- 
phate buffer, pH 6.5, 100 umoles; substrate as indicated, 20 umoles; 
and water to 2.9 ml. The side arm contained cell-free extract, 
0.1 ml, which was introduced into the main compartment to start 
the reaction. The center well contained 20% sodium hydroxide, 
0.15 ml. The gas phase was helium. The incubation tempera- 
ture was 32°. 

Fic. 2. Effect of aeration during growth on formic hydrogen- 
lyase. The conditions were the same as those described in Fig. 1. 


MINUTES 


Of each extract, 0.1 ml was added as indicated. The substrate 
was sodium formate. ' 
Fic. 3. Effect of added aerobic extract on hydrogen production 
by 0.1 ml of anaerobic extract. The conditions were those de- 
scribed in Fig. 1. The aerobic extract was added to 0.1 ml of 
anaerobic extract in the amounts indicated. Sodium formate was 
the substrate. 
Fic. 4. Stimulation of hydrogen production by ferrous ion. 
The conditions were those described in Fig. 1, except that 15 
umoles of ferrous sulfate were added as indicated, and 0.3 ml of 
extract were used. Sodium formate was the substrate. 
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TasBLe I 
Stoichiometry of formate and pyruvate degradation by cell-free 
extracts 


The conditions were the same as those described in Fig. 1, ex- 
cept for the following. Instead of conventional Warburg flasks, 
double side arm Dixon-Keilin-type flasks were used, with allow- 
ance for simultaneous measurement of carbon dioxide and hy- 
drogen on a single reaction mixture. The volumes of extract used 
were 0.5 and 0.3 ml for formate and pyruvate, respectively. After 
gas exchange ceased, 0.1 ml of 2 N H2SQ, was introduced from 
second side arm to stop the reaction and release the bound carbon 
dioxide. After 10 minutes, the manometer was read (Ri). The 
initial reading is Ro. Next, the stopcock was turned, exposing 
the sodium hydroxide which previously had been placed in the 
stopcock well. When the carbon dioxide absorption ceased, the 
manometer was again read (Rez). Then: Ri — Rez = change due 
to carbon dioxide; Re — Ro = change due to hydrogen. The 
amounts of substrates added were as indicated. The data shown 
have been corrected for endogenous values. 


Substrate 
Formate Pyruvate 
pmoles 

Products found | 


found? that cultures of Pseudomonas sp. (strain G4A) growing 
anaerobically, ferment glucose to yield (in addition to the 
gaseous products) acetate, a neutral, volatile compound oxi- 
dizable to acetate (presumably a mixture of diacetyl and acetoin), 
and probably some succinate. Using C'*-labeled glucose, they 
found that the Embden-Meyerhof-Parnas glycolytic system was 
responsible for at least 98% of glucose fermentation. 

That the formic hydrogenlyase system of Pseudomonas sp. 
(strain G4A) is similar to that found in Escherichia coli and 
Proteus vulgaris is evidenced by the following observations. (a) 
Formate gives rise to equimolar amounts of hydrogen and carbon 
dioxide. (6) Growth under aerobic conditions prevents the ex- 
pression of hydrogenase activity but not formic dehydrogenase 
activity. (c) Both methylene blue and benzyl viologen are 
reduced by extracts in the presence of either formate or hydrogen 
gas. (d) Ferrous ion is stimulatory to hydrogen production. 

The isotopic equilibrium constant for the isotopic exchange 
reaction, 


HD + H.0 (liquid) + Hz + HDO (liquid) 


has been calculated from spectrographic and vapor pressure data 
(14). At 0° the equilibrium constant is 4.69; at 25° it is 3.87. 
If the fractionation were solely due to the equilibration of H, 
and HDO, our data would indicate a value for the isotopic equi- 
librium constant of from 4.4 to 5.1 at 25° which is 10 to 30% 
higher than the theoretical value. The difference between a 
deuterium concentration of 37 or 39 p.p.m. (depending on whether 
distilled water or 50% sea water was in the medium) which would 
have been found had this reaction been at equilibrium and the 
29 to 34 p.p.m. found in the gases analyzed from growing cultures 


*Dr. R. Stjerholm, Sister Mary Miles, and Kathleen Anne 
Higgins, private communication. 
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is significant. The technique used here will measure differences 
between two H: samples of about 0.15 p.p.m. if the two gas 
samples are very close in deuterium concentration. In the case 
of H: samples such as were evolved by the pseudomonad, our 
precision is +1 p.p.m. The high value of the apparent equi- 
librium constant might be explained by the following hypotheses: 

(a) Hydrogen gas is produced in equilibrium with water within 
the cell that is depleted in deuterium relative to that in the me- 
dium. If the cells produce hydrogen in equilibrium with their 
cell water, the cell water should have a deuterium abundance of 
approximately 116 p.p.m. The data in Table II show that this 
is not the case. 

(b) The isotopic equilibrium constant in the literature (14), 
calculated from thermodynamic data, is incorrect. The true 
value for this constant at 25° is approximately 4.7 + 0.3 rather 
than 3.9. The data in Table IV show that if the evolved hydro- 
gen is allowed to remain in contact with the cells (or cell extract) 
throughout the course of the reaction the theoretical fractiona- 
tion, expected from the equilibrium constant 3.9, is obtained. 

(c) The hydrogen gas produced is not in thermodynamic equi- 
librium with the water. Although no data have been obtained as 
to the rate of deuterium versus protium evolution, it is evident 
that the observed deviations from the theoretical deuterium- 
protium ratio are due to a kinetic isotope effect. This might be 
checked by repeating these experiments at different temperatures 
and observing the change in apparent equilibrium constant with 
temperature. A preliminary check of this sort was made and 
indicated a much smaller change in apparent isotopic equilibrium 
constant than would be expected from thermodynamic data. 
The difficulty in growing these bacteria at widely different tem- 
peratures has made an exact determination of the temperature 
coefficient of the isotopic fractionation difficult. 

It may be concluded that the fractionation against deuterium 
takes place during formate catabolism since the extent of frac- 
tionation is identical whether glucose or formate is the substrate. 
In addition, no hydrogen is evolved unless formate or a formate 
precursor is present in the medium (unpublished observation). 

Evidence that fractionation is a property of hydrogenase is 
provided by the observation that the formic dehydrogenase of 
the pseudomonad is not inhibited by either deuterated formate or 
deuterium oxide whereas the total formic hydrogenlyase system 
is inhibited; 7.e. the formic dehydrogenase catalyzes the cleavage 
of formate with equal facility regardless of whether a deuteron or 
a proton is bound to the carbon atom. Therefore, each type of 
formate (DCOO- or HCOO-) has an equal probability of re- 
acting, limited only by their relative concentrations. The lack of 
inhibition by deuterium oxide indicates that the water of the me- 
dium takes no rate-limiting part in the reaction catalyzed by 
formic dehydrogenase. This last reasoning assumes that the 
site of fractionation and of inhibition are the same. 

The mechanism of molecular hydrogen formation may be 
formulated after the manner proposed by Krasna and Rittenberg 
(15, 16): 


SH:-+E =Ht+S+E:H- 
E:H- + Ht=E+ He 


in which SH; is the reduced substrate (reduced methylene blue, 
reduced benzyl viologen, reduced formic dehydrogenase, etc.); S 
is the oxidized form of the substrate; E is the hydrogenase system 
(one or more enzymes); E:H- is the reduced hydride form of 
This formulation has the advantage of providing 


hydrogenase. 
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Deuterium Fractionation 
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Fria. 5. Inhibition of formic hydrogenlyase by deuterium. The 
conditions were those described in Fig. 1, except that 1.0 ml of 
deuterium oxide (>99.5%) or 20 umoles of deuterated formate 
were added as indicated in place of their nondeuterated forms. 

Fig. 6. Effect of aeration during growth on formic dehydro- 
genase. The main compartment of each Warburg vessel con- 
tained potassium phosphate buffer, pH 6.0, 26.7 umoles; methylene 
blue, 20 umoles; sodium formate, 20 umoles as indicated; and water 
to2.9ml. The side arm contained 0.1 ml of the extract indicated. 
The gas phase was helium. The incubation temperature was 32°. 
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Fig. 7. Effect of deuterium on formic dehydrogenase. The 
conditions were those described in Fig. 7 except that deuterated 
sodium formate (20 umoles) or deuterium oxide (1.0 ml) were sub- 
stituted for their protium equivalents where indicated. The 
amount of extract used was 0.3 ml. 

Fig. 8. Effect of deuterium oxide on hydrogenase. The con- 
ditions were those described in Fig. 7, except for the following. 
Sodium formate was omitted. The gas phase was hydrogen. To 
the center well of each Warburg flask was added 0.15 ml of 20% 
sodium hydroxide. 
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II 
Distribution of deuterium in components of growing cultures* 


Deuterium content of hydrogn 
Material analyzed Distilled water | 50% Sea water 
in medium in medium 
(approximately | (approximately 
142 p.p.m. 150 p.p.m. 
deuterium) deuterium) 
b.p.m. deuterium 
Organic hydrogen in cells........... 133 138 


* Incubated at 25°. 


TaBLe III 
Substrate specificity of isotope fractionation by growing 
cultures* 

hours p.p.m. 
142 33 


* Incubated at 25° in medium V-15ly with 50% sea water (150 
p.p-m. deuterium). 


TaBLeE IV 


Deuterium content of Hz produced by resting cells and cell-free 
extract 

A cell suspension, prepared as outlined under ‘‘Methods and 
Materials,’ was divided in two aliquots. The first aliquot was 
used directly. A cell-free extract was prepared from the second 
aliquot in the usual manner. Each of two flasks contained 10.0 ml 
of cells or extract; 10.0 ml of sodium phosphate buffer, 0.2 mM, pH 
6.5; sodium formate, 0.1 m, 15.0 ml; distilled water, 5.0 ml. The 
evolved gas was collected by displacement of the medium istelf. 
The preparations were incubated at 25° for 48 hours. 


Preparation Deuterium content of H2 
p.p.m. 
37 


ameans by which only one of the hydrogen atoms is in immediate 
equilibrium with the water of the medium. If both hydrogen 
atoms were in equilibrium with the medium, deuterated formate 
should not inhibit hydrogen production because the deuterium 
ions produced by formic dehydrogenase would be diluted by the 
protium of the medium. Conversely, if neither hydrogen atom 
is in equilibrium with the medium then deuterium oxide should 
have no effect on formic hydrogenlyase. Furthermore, one of 
the hydrogen atoms must come from the medium when formate is 
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the substrate since, at physiological pH, formate is essentially 
completely ionized (pK = 3.76). 

Cell-free extracts exhibited a decrease in hydrogenase activity 
upon storage. The observation that the percentage of inhibition 
by D.O decreased concurrently with this loss in hydrogenase 
activity suggests at least two enzymes are involved in the forma- 
tion of molecular hydrogen. If only one enzyme were responsible 
for Hz evolution, the percentage of D.O inhibition should remain 
constant irrespective of the stability of the enzyme. - The in- 
volvement of two or more enzymes in hydrogenase activity was 
proposed earlier by Peck et al. (12). 


SUMMARY 


A marine pseudomonad evolves molecular hydrogen as a prod- 
uct of catabolism. Experiments with resting cells and cell-free 
extracts demonstrate that the hydrogen is formed by the action 
of a formic hydrogenylase sytem typical of that found in the coli- 
form bacteria. 

Formic hydrogenlyase, but not formic dehydrogenase or 
hydrogenase (i.e. hydrogen utilization), was partially inhibited 
by 33% D-O or completely deuterated sodium formate. This 
supports the hypothesis that one, but not two, of the atoms in the 
evolved hydrogen was in immediate equilibrium with the me- 
dium. 

Mass spectrometric analyses of the hydrogen produced by 
growing cells showed a deuterium content of about 30 p.p.m. 
(i.e. depleted by a factor of 4.4 to 5.1; theoretical factor = 3.87). 
The same was true whether glucose or formate was the substrate. 
The intracellular water and cellular hydrogen were not signifi- 
cantly depleted in deuterium. It is concluded that the frac- 
tionation takes place during formate utilization. 
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Hydrogenase is a member of a small class of enzymes that 
interact reversibly with diatomic gases (Hz, Oz, Nz, CO, and 
NO). These gases, with the exception of Ne, serve either as 
substrate or inhibitor of the enzyme, hydrogenase. Our knowl- 
edge of the nature of the enzyme is incomplete since it has been 
derived from studies on bacterial suspensions or partially purified 
extracts. The isolation of the enzyme in pure form has been 
hampered because in most organisms it appears to be in particu- 
late form and shows some variation in its properties from one 
strain of bacteria to another (1). 

Soluble hydrogenases have been prepared from several organ- 
isms. The highest concentration of hydrogenase in whole cells 
is found in Desulfovibrio desulfuricans (1,2). Various procedures 
for purifying the enzyme in this organism have been described 
by different investigators (1, 3-5). The activities of the purest 
fractions found by these investigators ranged from Qu, of 2.5 x 
10° to 11.4 X 10° wl of He activated per mg of N per hour. 
Other investigators have obtained soluble hydrogenase prepara- 
tions of similar activity from Clostridium pasteuranium (6) and 
Clostridium butylicum (7). Our experience with these methods 
as applied to D. desulfuricans is that none of them is reproducible. 
Apparently, the enzyme is partly in a soluble form and partly 
in particulate form. Most methods described will concentrate 
the soluble form; they fail if the enzyme is in particulate form. 

We will describe here a method for solubilizing and concentrat- 
ing the hydrogenase of D. desuwlfuricans and some properties of 
the preparations we obtain. 


EXPERIMENTAL PROCEDURE 


Methods—We have described previously the procedures for 
growth of Desulfovibrio desulfuricans, determination of nitrogen 
and protein concentration, and the test for enzyme activity (1). 
This is based on the ability of the enzyme to catalyze the ex- 
change reaction 


H, + HDO = HD + 


Preparation of Enzyme—An enzyme extract was prepared from 
D. desulfuricans by extraction in 1 m glycine solution according 
to the method previously reported (1). The active fraction 
which was obtained by 60 to 95% ammonium sulfate saturation 
was dialyzed against 0.01 m phosphate buffer, pH 7.0, for 8 
hours and stored overnight at —20°. Considerable activity 


* This work was supported by contracts to Columbia Univer- 
sity from the Office of Naval Research, Department of the Navy 
(ONR 26602); from the Atomic Energy Commission (AT (30-1) 
1803); and from the National Institutes of Health (E-2839). Re- 
production of this article in whole or in part is permitted for any 
purpose of the United States Government. 

+ Present address, Israel Atomic Energy Commission, P. O. B. 
7056, Tel Aviv, Israel. 


was lost in this step. The dialyzed fraction was placed on a 
DEAE-cellulose column prepared according to Sober e¢ al. (8). 
Five grams of the commercial powder (> 80 mesh) were washed 
with 0.01 m phosphate buffer, pH 7.0, poured as a slurry into a 
glass tube 15 mm in diameter fitted at the bottom with a glass- 
wool plug and washed with 0.01 m phosphate buffer, pH 7.0. 

Stepwise elution of the adsorbed protein was carried out by 
washing with buffer of increasing salt concentration and decreas- 
ing pH. The elution diagram obtained is shown in Fig. 1. 
The enzyme activity of each of the purified fractions was de- 
termined as soon as possible after obtaining the chromatographed 
enzyme fraction. Ammonium sulfate was added to 95% satu- 
ration to each fraction containing enzyme activity. Each frac- 
tion was then stirred for 30 minutes, centrifuged at 78,000 x g 
for 45 minutes, and the precipitate of each fraction was dis- 
solved in 2 ml of 0.1 m phosphate buffer, pH 6.4. These frac- 
tions were stored overnight at —20°. When they were thawed 
the next day, a second precipitate was removed by centrifugation. 
The clear enzyme solutions thus obtained were stable for several 
weeks at —20°. The results of this purification procedure 
are summarized in Table I. The fractions eluted by the 0.08 u 
phosphate buffer, pH 6.0, plus 0.02 m NaCl contained 0.92 mg of 
protein with Qu, between 26 X 10° and 55 X 10°. 

Stability of Purified Enzyme—In the process of purifying the 
enzyme, it has been found that the fractions up to and including 
the 60 to 95% ammonium sulfate fractions are relatively stable 
for many weeks when kept at —20°, although some loss of ac- 
tivity was observed in every freezing and thawing. 

The enzyme activity of the pure fractions is lost rapidly if the 
enzyme protein is kept in dilute buffer solutions or if the enzyme 
protein concentration is very low. This was the cause of the 
loss of activity after dialysis of the 60 to 95% ammonium sulfate 
fraction. We avoided the loss of activity by carrying out the 
chromatography on DEAE-cellulose immediately after dialysis. 
The active fractions from the column were precipitated by 
95% saturation with ammonium sulfate, and the precipitate 
was dissolved in a small volume of 0.1 m phosphate buffer. 
This sequence was carried out in 1 day. 

Absorption Spectrum of Purified Enzyme—The absorption 
spectra of the various enzyme fractions were recorded on the 
Cary recording spectrophotometer in 10-cm cells 2 ml in volume. 

The glycine extract shows the absorption spectrum to be 
attributable to cytochrome c; (bands at 418, 525 and 553 mp 
in the reduced state) and the green pigment, desulfoviridin (9). 

In the fractionation on DEAE-cellulose a separation of the 
pigments from the enzyme was obtained. Cytochrome c; with 
its high isoelectric point (pH > 10) was not adsorbed on the 
column and was found in the breakthrough effluents. The 
green pigment remained stationary as a band at the top of the 
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Fic. 1. Chromatographic separation of hydrogenase on DEAE- 
cellulose. 


adsorbing column. When the eluting buffer concentration was 
increased to 0.1 m phosphate + 0.05 m NaCl, the pigment sepa- 
rated into two bands, a fast moving green band and a slow moving 
pink band. The latter was eluted by 0.1 m phosphate buffer, 
pH 5.6, + 0.1m NaCl. The pink solution was found to contain 
protein and shows in the reduced state a general absorption 
spectrum in the visible. Its presence in D. desuwlfuricans has 
never been reported. 

Presence of very small amounts of cytochrome cs; could be 
detected in most of the active fractions. It was not present in 
some fractions with activities as great as Qu, = 24 xX 10°. 
It is clear from the elution diagram that cytochrome c; can be 
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separated from the purified hydrogenase. It is present in some 
of the active fractions as a contaminant, but cytochrome c3 
is not a cofactor of the hydrogen-activating enzyme. From 
220 my to 800 muy, no absorption bands are present that seem to 
be related to the enzyme activity. 

Solubilization of Particulate Hydrogenase of D. desulfuricans— 
We have occasionally found that some batches of D. desulfuricans 
grown under our standard conditions yield cells from which the 
hydrogenase cannot be extracted by incubation with molar 
glycine. We are unaware of any differences which can account 
for this change in the property of the enzyme. Extended treat- 
ment with sonic vibrations does not bring the enzyme into solu- 
tion. This suggests that the enzyme was in a different state of 
aggregation in the cell and would have to be released from its 
binding with other cellular constituents in order to be made 
soluble. 

Treatment of such cells in 1 m glycine-0.2 m phosphate buffer, 
pH 7.5, with trypsin (trypsin concentration = 1% of total 
protein concentration) for 3 hours at 36° resulted in the solu- 
bilization of 73% of the activity; 7.e. it was not sedimented at 
105,000 x g for 80 minutes. No loss of activity was incurred by 
the trypsin treatment because the remainder of the activity was 
found in the sediment. Fractionation by ammonium sulfate 
now yielded the enzyme in the 30 to 60% saturation fraction 
(see Table II). Further purification was then carried out by 
chromatography on a DEAE-cellulose column. 

The active fractions were eluted off the column in two different 
regions. The break-through volume, 90% of the enzyme, was 
not adsorbed on the cellulose and was located in the first few 
tubes. However, 10% of the activity was eluted by 0.06 m 
phosphate buffer, pH 6.2 + 0.02 m NaCl. This fraction was 
highly purified, with a Qu, of 27 x 10°. 

The enzyme not adsorbed (Fractions 2, 3, and 4) had only a 


TABLE I 
Purification of hydrogenase by Method A (glycine extraction) 
Eluting buffer* 
Fraction Activity recovered Total protein Qu, X 1076 
Phosphate NaCl pH 
M % mg 

Glycine extract of cells..................... 25.7 1131 0.30 
Dialysate of glycine extract................ 22.4 1071 0.28 
Supernatant of protamine precipitate....... 22.0 993 0.29 

Ammonium sulfate precipitate, 60 to 95%... 14.0 70 2.2 

Dialysate of (NH,)2SO, precipitate......... 7.8 69 1.2 

DEAE-cellulose fractions 

1-8 0.01-0.04 0 7.0-6.4 0.0 
9 0.06 0.02 6.2 0.675 2.55 
10 0.06 0.02 6.2 0.475 7.40 

ll 0.08 0.02 6.0 0.117 41.0 

12 0.08 0.02 6.0 0.250 54.7 

13 0.08 0.02 6.0 0.150 32.6 

14 0.08 0.02 6.0 0.100 26.0 

15 0.08 0.02 6.0 0.300 26.0 

16 0.10 0.02 6.0 0.110 24.4 

17 0.10 0.02 6.0 0.100 12.8 
18 0.10 0.02 6.0 0.070 4.56 
19 0.10 0.02 6.0 0.050 2.55 


* Fractions 9 to 19 contain 3.5% of the original activity. 
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TABLE II 


Purification of hydrogenase by Method B (trypsin digestion) 


Eluting buffer* 
Fraction - Activity recovered Total protein Qu, X 107 
Phosphate | NaCl | pH 
M | % mg 
Glycine trypsin extract..................... 83 1587 0.661 
Protamine supernatant. .................... 73 1186 7.83 
Ammonium sulfate, 30-60%. ................ 54 385 1.78 
Dialyzed ammonium sulfate 30-60%......... | 45 347 1.41 
| 
DEAE-cellulose fractions | 
2 0.01 0 | 7.0 | 40 2.28 
3 0.01 | 0 | 7.0 | 150 2.83 
4 0.01 0 7.0 16.4 ti 
5-16 0.02-0.04 | 0 7.0-6.4 | | 0.0 
17 0.06 0.02 | 6.2 | 0.275 2.43 
18 0.06 | 002 | 62 | 0.405 7.15 
19 0.06 | 0.02 | 62 | 0.361 27.0 
20 0.06 | 0.02 | 6.2 0.89 12.1 
21 0.08 | 002 | 6.0 0.225 10.6 
22 0.08 0.02 | 60 | 0.301 2.50 


* Fractions 2 to 4 contain 42% of the original activity, and Fractions 17 to 22 contain 3% of the original activity. 


small increase in specific activity. When these fractions were 
again treated with trypsin for 3 hours, and rechromatographed 
under the same conditions as before, a part of the activity was 
adsorbed on the DEAE-cellulose. This activity could be eluted 
by 0.1 m phosphate buffer. This suggests that the difference 
between the “soluble” enzyme and the “insoluble” enzyme in 
D. desulfuricans does not lie in the characteristics of the enzyme, 
but rather in the different states of aggregation of the enzyme 
in the cell. Apparently, the enzyme in different samples of 
D. desulfuricans is bound to other proteins in a manner that 
presents difficulties in reproduction of the extraction procedure. 
Trypsin digestion breaks some of the bonds, permitting extrac- 
tion of the enzyme. This enzyme could be fractionated on the 
DEAE-cellulose. These data suggest that all the hydrogenase 
activity in the cell is part of a larger system. 

Reduction Activity of Purified Enzyme—The enzyme was puri- 
fied with respect to its ability to catalyze the H.-D.O exchange 
reaction. Attempts to compare quantitatively the rates of 
reduction of dyes with the rate of the exchange reactions were 
not accurate. These difficulties were due to the inhibition of the 
purified enzyme by traces of oxygen in the Warburg flasks (1). 
Nevertheless, the ratios of the rate of reduction of dyes (methyl- 
ene blue or benzy! viologen) to the exchange reaction in various 
purified enzyme fractions show that they are not very different 
from these ratios in the whole cells. The ability to reduce the 
substrates tested was not lost by the purification procedure. 

During the course of purification of the enzyme with respect 
to its ability to catalyze the H.-D.O exchange reaction, there 
was never any indication that a dialyzable or easily dissociable 
cofactor was involved in the activity of the enzyme. 

Molecular Weight of Hydrogenase—Ultracentrifugal studies 
were carried out on the proteins of the combined Fractions 11 to 
15 of Table I, and of the combined Fractions 19 and 20 of Table 
If. 


1 We are indebted to the late Dr. Eric Ellenbogen, Department 


Two components were observed; a very slow moving protein 
with a sedimentation constant of 1.1 and a somewhat faster 
component with a sedimentation constant of 3.0. About 90% 
of the enzyme activity was found in the slow component. These 
results indicate a molecular weight of about 9,000 for the com- 
ponent containing the major part of the enzymatic activity. 

We have also estimated the molecular weight of the enzyme 
by measurement of its rate of diffusion (10). The diffusion of 
hydrogenase activity and of human hemoglobin was measured 
in the same solution. Assuming that both molecules have the 
same shape and hydration the molecular weight (mol. wt.) of 
hydrogenase can be calculated from the formula 


Mol. wt. (hydrogenase) _ ( D hemoglobin \* 
Mol. wt. (hemoglobin) a 


D hydrogenase 


in which D hemoglobin is the diffusion constant of hemoglobin 
and D hydrogenase is the diffusion constant of hydrogenase. 
The results yield a value of 15,000 for the molecular weight of 
hydrogenase. This value is not in disagreement with the value 
found by ultracentrifugation. 

Metal Content of Enzyme—The one point of general agreement 
among investigators is that a metal is involved in the activity 
of the enzyme hydrogenase. There is, however, no agreement 
as to the nature of the metal involved. 

The most purified fractions of Table I and of Table II were 
analyzed qualitatively for the metal content by x-ray fluorescence 
spectroscopy.?. Iron was the only heavy metal found in these 
fractions. This is in agreement with the analyses for metal in 
the hydrogenase of Proteus vulgaris (2). 


SUMMARY 


A procedure is described for the purification of hydrogenase 
that increases its specific activity by over 300-fold to an activity 


of Biochemistry, Graduate School of Public Health, University of 
Pittsburgh, for the ultracentrifugal studies. 
2 We wish to thank Philips Electronics for the analyses. 
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of QExehanee = 54 X 10° wl of He per hour per mg of N. Hy- 
drogenase within the cell seems to be bound to large molecules 
and can be released from this aggregate by treatment with 
trypsin in glycine solution. The molecular weight of hydrogen- 
gse is about 10,000. The most active fractions contain iron 
but no other metal. 
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Two transplantable lines of leukemic cells grown in the form of 
ascites in the normal host, the mouse, have been examined for 
the presence of folic acid derivatives. In one line, P-815, 80% 
of the activity extracted could be accounted for by known tetra- 
hydrofolic acid derivatives, with the bulk of the activity repre- 
sented by N!°-formyltetrahydrofolic acid. The other line, 70429, 
possesses a similar pattern but contains components as yet not 
characterized. The results obtained by chromatography and 
microbiological assay are of additional interest in that they pro- 
vide no evidence for the presence of any polyglutamy] derivatives 
and imply that in one cell line, P-815, folic acid cofactor activity 
is provided by tetrahydrofolic acid. 


EXPERIMENTAL PROCEDURE 


Extraction—Suspensions of leukemic cells, mouse liver brei, or 
acetone powders of the cells or liver were extracted in potassium 
ascorbate, pH 6.0 (10 mg per ml), by heating the suspensions (40 
to 60 mg per ml of fresh tissue and 10 to 20 mg per ml of acetone 
powder) for 30 minutes in a water bath, maintained at 75°. The 
temperature selected was one at which little or no isomerization 
of to N®-formyltetrahydrofolic acid occurred (see 
sults”). The extracts were chilled to 0°. After clarification by 
centrifugation at 0°, the clear supernatant solutions were em- 
ployed for chromatography. In general, the folic acid activity 
could be more effectively extracted from acetone powders than 
from fresh cells or tissues. No qualitative changes in folate pat- 
terns were noted when extracts of fresh cells were compared with 
extracts of their acetone powders. Increased yields of folate ac- 
tivities could be obtained by extraction at temperatures greater 
than 75° (10 to 20% increases at 125°), but at higher tempera- 
tures conversion of N!°- to N5-formyltetrahydrofolate occurred. 
The extraction procedures used are based on those described by 
Romine (1) for human liver. 

Chromatographic Procedures—A mixture consisting of 18 g of 
N ,N-DEAE-cellulose (2) and 22.5 g of Hyflo Supercel was sus- 
pended in 1500 ml of H,O and twelve 10-ml portions of the stirred 
slurry were packed successively by gravity flow into each of 
twelve 50-ml burettes. The columns were prepared for use by 
sequentially washing with 25 ml of 0.5 n KOH, water until the 
rinse was neutral, 25 ml of 0.5 m PO,, pH 6.0, and water until the 
rinse was free of phosphate. The final height of the cellulose 
column was 19 to 20 cm. 

A cellular extract in a volume of 1 to 3 ml was adsorbed into 
the surface of the column and followed with washes of 2-ml and 
1-ml portions of ascorbate solution (2 mg per ml, pH 6.0). A 
head of 40 ml of the latter ascorbate solution was placed on the 


column and 0.5 m potassium phosphate buffer, pH 6.0, contain- 
ing 0.2% ascorbate (in a separatory funnel attached to the bu- 
rette) was passed, dropwise, through this head. Five-milliliter 
fractions were collected in tubes containing 10 mg of K-ascorbate, 
pH 6.0, in a volume of 0.1 ml. The flow rate was 1 ml per min- 
ute. As each fraction was collected, it was stored at 0°. The 
chromatography was carried out at 23°. The conditions em- 
ployed in both the extraction and chromatographic procedures 
permitted essentially complete recovery of tetrahydrofolic acid 
carried through these steps. 

Reference Samples—Folic acid was a commercial preparation 
which had been purified by the procedure of Sakami and Knowles 
(3). Dihydrofolic acid was prepared by the method of Futter- 
man (4). N?°-Formyldihydrofolic acid was prepared by permit- 
ting 20 ug of dihydrofolic acid contained in 0.1 ml of H,O to react 
with formic acid (0.9 ml, 88%) in the presence of 5 mg of ascorbic 
acid for 30 minutes at 75°. The product was not isolated and 
the reaction mixture was employed immediately after neutraliza- 
tion to pH 6.0 and dilution in 1% ascorbate buffer. N*-Formy]l- 
tetrahydrofolic acid was the pt racemate, leucovorin (Lederle). 
N?°-Formylfolic acid was obtained as the reaction product of 10 
mg of folic acid and 1.0 ml of formic acid (88%) maintained at 
75° for 30 minutes. The unreacted formic acid was removed by 
extraction with ethyl ether. N!°-Formyltetrahydrofolic acid was 
prepared by (a) isomerization of N*-formyltetrahydrofolic acid 
with dilute HCl at 0° and neutralization to pH 6.0 (5, 6); (0) in- 
cubation of tetrahydrofolic acid with crude, dialyzed chick liver 
preparations and excess urocanic acid; and (c) formylation of te- 
trahydrofolic acid (see N!°-formyldihydrofolic acid above). Te- 
trahydrofolic acid was prepared from folic acid by (a) catalytic 
hydrogenation (7), (6) metabolic reduction with folic acid reduc- 
tase (4), and (c) reduction with hydrosulfite (8). Prefolic A (9), 
isolated from horse liver, was a gift from Drs. John C. Keresztesy 
and K. 0. Donaldson. Pteropterin was a gift from Dr. E. L. R. 
Stokstad of Lederle Laboratories Division, American Cyanamid 
Company. 

Microbiological Assays—Extracts of cells and tissues in ascor- 
bate buffer were assayed for folic acid activities with Pediococcus 
cerevisiae (8081), Lactobacillus casei, and Streptococcus faecalis R. 
Media employed were those generally used and described in de- 
tail by Bakerman.! This report! also describes the growth re- 
sponses of the three test organisms to tetrahydrofolic acid. For 
assay, samples were added to basal media, each tube of which 
(10-ml final volume) contained 10 mg of K-ascorbate. The assay 
tubes were steamed (flowing steam at 100°) for 30 minutes, 


1 Manuscript prepared for publication. 
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cooled, and inoculated. Tetrahydrofolic acid activity is retained 
under these conditions. If dilution of samples was required, 1% 
ascorbate solution was employed as the diluent. In the assay of 
fractions obtained from columns, from 0.05 to 0.2 ml was added 
directly to the assay tubes. Two levels (0.05 and 0.1 ml or 0.1 
and 0.2 ml) from each fraction were assayed. Ca leucovorin was 
used as a reference standard. The concentration was adjusted 
to correct for the presence of the inactive isomer. 

Leukemic Cell Lines—Transfer generations 187 to 204 of the 
mast cell neoplasm P815 (10) in CDF, mice (BALB/c x dba/2) 
and transfers 226 to 234 of the plasma cell neoplasm 70429 (11) 
in C3Hf/Lw mice were used to harvest ascitic cells. Animals 
bearing P815 were killed at approximately 11 days and those 
bearing 70429 at approximately 13 days after introduction of sev- 
eral million cells intraperitoneally. Several milliliters of ascitic 
fluid from each animal were withdrawn, diluted 1:1 with chilled 
Locke’s solution, and centrifuged immediately in a PR-2 refrig- 
erated centrifuge at 3000 r.p.m. for 5 to 10 minutes. Two sub- 
sequent washings with chilled Locke’s solution at a 10-m] volume 
followed by centrifugation were done. The packed cells were 
then placed in an ice bath and extracted or converted into ace- 


‘tone powders within 30 minutes. 


RESULTS 


The sequence in which the folic acid derivatives are eluted 
from the DEAE-cellulose columns is shown in Table I. The elu- 
tion pattern in general follows that described by Usdin (12) and 
others (13, 14). Reduction of folic acid and the introduction of a 
formyl group result in compounds which are more readily eluted. 
Formylation in the N!° position gives products more readily 
eluted than those having this group in the N‘ position. N°*- and 
N'-formyltetrahydrofolic acids can be resolved. Polygluta- 
mates (e.g. pteropterin) are separated from their monoglutamy] 
counterparts. The location of the peaks shown in Table I was 
obtained by running individual chromatograms with each of the 
compounds. It may be of some interest to note that tetrahydro- 


TaBLe I 


Elution pattern from DEAE-cellulose and growth properties 
of folic acid and related compounds 


M. Silverman, L. W. Law, and B. Kaufman 


Growth activity for 
Compound oe Pediococ- |Streptococ- | Lactobacil- 
cus cus lus 
cerevisiae | faecalis R. casei 
N!°-Formyltetrahydrofolic 
N'°-Formyldihydrofolic 
N'-Formylfolic acid....... 10 = = 
N*-Formyltetrahydrofolic 
Tetrahydrofolic acid....... 15 + + + 
Dihydrofolic acid.......... 26 + = 


* + indicates growth effect of 60 to 100% of that of N°-formyl- 
tetrahydrofolic acid; — indicates growth effect of less than 5% of 
that of N5-formyltetrahydrofolic acid; 0.5 to 1.0 ug of each com- 
pound was chromatographed. 


LINE P-815 

120 + 
No o—o L.CASEI 
100 + aa P.CEREVISIAE 
*—* S.FAECALIS R 
80 + - 
70+ - 


FOLIC ACID ACTIVITY,mpg 


6 8 


12 4 20 
TUBE NUMBER 


Fig. 1. Elution pattern of line P-815—acetone powder. Ex- 
tract (75°) of 30 mg of acetone powder was used. Powder con- 
tained 8.9 mug of folate activity per mg by Streptococcus faecalis 
assay, 8.9 mug per mg by Pediococcus cerevisiae assay, and 11.0 
mug per mg by Lactobacillus casei assay. 


folic acid prepared from folic acid by three procedures, enzymatic 
reduction, catalytic hydrogenation, and reduction with Na.S.O,, 
showed identical elution patterns. This was also true of N?°- 
formyltetrahydrofolic acid prepared by three different procedures 
(chemical formylation and enzymatic formylation of tetrahydro- 
folic acid and acid-base isomerization of N*-formyltetrahydro- 
folic acid). 

The growth activities for the compounds tested are also shown 
in Table I. By using three criteria, (a) elution pattern on 
DEAE-cellulose, (6) growth response of the three test organisms, 
and (c) properties of stability, each of the components listed may 
be differentiated from one another. Of the three test organisms 
employed, only L. casei responds significantly to pteropterin 
(diglutamylfolic acid) and its reduced and formylated derivatives. 

The elution pattern of folate derivatives in an extract of ace- 
tone powder of line P-815 is shown in Fig. 1. The major band 
(tube 8) appearing is that which corresponds to N!°-formyltetra- 
hydrofolic acid. Small amounts of N®*-formyltetrahydrofolic 
(tube 12) and unsubstituted tetrahydrofolic acid (tube 15) are 
also indicated. Reasonable agreement is found in the assays 
with the three test organisms; this indicates that, both by elution 
pattern and biological activity, the peaks found are those of 
monoglutamate derivatives of folic acid. No activity was found 
beyond tube 20. The elution pattern of folate derivatives pre- 
pared from fresh cell suspensions is essentially the same as for the 
acetone powders. 

Confirmatory evidence that the major band (peak at tube 8) is 
that of N!°-formyltetrahydrofolic acid is presented in Fig. 2. 
N’°-Formyltetrahydrofolic acid is isomerized to the N®-formy] 
derivative when heated under conditions which avoid oxidation 
(5, 6, 15). When extracts of line P-815 are autoclaved at 125° 
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“LINE P-815 
P.CEREVISIAE 
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Q m= EXTRACTED AT75° 
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80 + 4 


FOLIC ACID ACTIVITY, mug 
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10 12 14 16 18 20 
TUBE NUMBER 


Fig. 2. Isomerization of N?}-formyltetrahydrofolic acid to 
N°-formyltetrahydrofolic acid at 125°. Acetone powder, 20.8 mg, 
was extracted at 75°; 26.6 mg of acetone powder were extracted at 
125°. The 75° extract showed 10.4 mug of folate activity per mg of 
powder by Pediococcus cerevisiae assay and 13.0 mug per mg by 
Lactobacillus casei assay; 125° extract showed 13.1 mug of folate 
activity per mg of powder by P. cerevisiae assay and 15.1 myg per 
mg by L. casei assay. 
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Fig. 3. Elution pattern of line 70429. Extract (75°) of 41.8 mg 
of acetone powder was used. Powder contained 9.2 mug of folate 
activity per mg by Lactobacillus casei assay and 4.9 mug per mg 
by Pediococcus cerevisiae assay. 
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Fig. 4. Elution pattern of mouse liver acetone powder. Ex- 
tract (75°) of 20 mg of acetone powder was used. Mouse strain, 
CDF. 


for 30 minutes, the main folate derivative found is N*-formyltet- 
rahydrofolate. The folate yields are somewhat higher when 
extraction is carried out at these temperatures. However, if the 
temperature of extraction significantly exceeds 75°, the yield of 
the N*°-formyl compound increases with a corresponding loss in 
the derivative. 

The folate profile of line 70429, a plasma cell, is shown in 
Fig. 3. In addition to N!°-formyltetrahydrofolic acid, a second 
component which possesses activity for L. casei, but not for P. 
cerevisiae, appears at tube 8. Other samples of this cell line 
have shown the presence of a component at tube 16, which has 
activity for L. casei. Neither of these activities has been char- 
acterized further. Despite the excess activity at tube 8 for L. 
casei, it is unlikely that a component eluted at this stage is a 
polyglutamy!] derivative of folic acid. Its elution properties are 
those of a monoglutamate. 

The folate elution patterns of extracts of an acetone powder 
of liver from mouse strain CDF, are shown in Fig. 4. The 
major folate component in mouse liver is the prefolic A of Don- 
aldson and Keresztesy (9). This compound is a reduced deriva- 
tive of folic acid, a monoglutamate which possesses growth 
activity for L. casei and is inactive for S. faecalis R and P. 
cerevisiae? Small amounts of tetrahydrofolic acid and its N”- 
formyl] derivative occur in mouse liver. 


DISCUSSION 


It has been suggested by Wright (16) and Rabinowitz and 
Himes (14) that polyglutamy] derivatives of folic acid represent 
the functionally active forms of folic acid and that reactions 
mediated by monoglutamate derivatives represent useful model 
reactions. These postulations have been derived from the ob- 
servations that (a) tetrahydro derivatives of pteropterin (di- 


2 Drs. J. C. Keresztesy and K. O. Donaldson, personal com- 
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glutamylfolic acid) function as folate coenzymes in mammalian 
as well as bacterial systems and (b) that tetrahydrofolates pos- 
sessing growth activity for S. faecalis and P. cerevisiae are 
released in mammalian systems only after autolysis or enzymatic 
treatment. It has been assumed that the latter treatments in- 
volve peptidase activity responsible for the conversion of poly- 
glutamates to monoglutamates. The possibility should be con- 
sidered, particularly in respect to mammalian systems, that the 
release mechanisms concern activities other than glutamyl 
peptidases (17). This appears to be the case in the release of 
tetrahydrofolic acid from a precursor in liver (prefolic A) (9). 
In any case, analytical procedures which can detect the presence 
of pteropterin derivatives fail to supply any evidence for the 
presence of polyglutamy] derivatives in the mast cell line P-815. 
Since significant amounts of monoglutamates appear and no 
polyglutamates are detected, it can be concluded that, in this 
cell, folate functions are performed by monoglutamates. In 
this respect, it would appear significant that the predominating 
form of folic in this cell line, N'°-formyltetrahydrofolic, is the 
enzymatically active cofactor concerned with formyl transfer 
(16). 

It is of some interest to note that in the leukemic cell lines the 
predominant form of folic acid is the N!°-formyltetrahydro de- 
tivative, whereas in the liver of the host mouse it is prefolic A 
(9). These differences suggest that the major metabolic path- 
ways which involve folic acid differ significantly in liver and the 
leukemic cell. 


SUMMARY 


The occurrence of folate derivatives in lines P-815 and 70429 
of leukemic cells and in the liver of the host, the mouse, is de- 
scribed. The major component detected in the leukemic cells 
was N!°-formyltetrahydrofolic acid. No evidence indicating the 
occurrence of polyglutamyl] derivatives in these leukemic cells 
was found. The folate distribution patterns of the leukemic 
cells and the mouse liver differ significantly. 
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Addendum—Prefolic A appears to be a methyl derivative of 
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The formation of folic acid compounds from pteridines and 
p-aminobenzoic acid by whole bacterial cells has been studied by 
Korte et al. (1, 2), who reported that C™-xanthopterin (2-amino- 
4,6-dihydroxypteridine) could be incorporated into folic acid 
by several bacterial species, and by Weygand et al. (3), who 
found that certain strains of.bacteria can be adapted to utilize 
2-amino-4-hydroxy-6-formylpteridine for folate production. 
The initial experiments concerned with folate synthesis in cell- 
free extracts were done by Katunuma.! His evidence indicated 
that extracts of Mycobacterium avium could convert either 
xanthopterin or 2-amino-4-hydroxy-6-carboxypteridine and p- 
aminobenzoylglutamic acid to folate. Evidence was also 
presented to show that these extracts were able to catalyze the 
formation of p-aminobenzoylglutamic acid from p-aminobenzoic 
acid and glutamate with p-aminobenzoic acid-adenylate as an 
intermediate in the system. Somewhat later, Shiota (4) found 
that extracts of Lactobacillus arabinosus contained enzymes 
which, in the presence of adenosine triphosphate, could utilize as 
substrate either 2-amino-4-hydroxy-6-hydroxymethy]pteridine or 
2-amino-4-hydroxy-6-formylpteridine (or the corresponding 
tetrahydro forms of these compounds) for the synthesis of either 
pteroic acid (from p-aminobenzoic acid) or folic acid (from p- 
aminobenzoylglutamic acid). Brown (5) found that extracts of 
Escherichia colt contained a similar enzyme system for the 
synthesis of either pteroate or folate. The E. coli system could 
utilize as substrate only 2-amino-4-hydroxy-6-formylpteridine or 
reduced forms of this compound and 2-amino-4-hydroxy-6- 
hydroxymethylpteridine (6, 7); reduced diphosphopyridine 
nucleotide and flavin adenine nucleotide, as well as adenosine 
triphosphate, also were necessary components of the reaction 
mixtures (7). Because p-aminobenzoic acid was a much more 
effective substrate for pteroate synthesis than was p-amino- 
benzoylglutamic acid for folate synthesis, it was postulated that 
pteroic acid (or a reduced form of pteroate) is an intermediate in 
the biosynthesis of folate in FE. coli (6,7). The reduced forms of 
pteridines appeared to be used more effectively as substrate than 
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the oxidized forms, a finding that led Brown et al. (7) to suggest 
that either dihydro- or tetrahydropteroic acid, rather than 
pteroate, is the true intermediate in folate biosynthesis. Re- 
cently, Jaenicke and Chan (8) obtained evidence which supports 
this suggestion by showing that synthetic 2-amino-4-hydroxy-6- 
hydroxymethyldihydropteridine was utilized effectively for 
folate synthesis by extracts of E. colt. 

The present paper describes in detail the folate-synthesizing 
enzyme system of EF. coli with regard to effectiveness of various 
compounds as substrates, cofactor requirements, nature of 
products formed, and possible reaction sequence. 


EXPERIMENTAL PROCEDURE 


Materials—Crystalline ATP, DPN, and TPN were purchased 
from the Pabst Laboratories; DPNH, FAD, and alcohol de- 
hydrogenase from Sigma Chemical Company; thiamine pyro- 
phosphate from Merck and Company, Inc.; p-aminobenzoic acid 
from Fisher Scientific Company; folic acid and sodium ascorbate 
from the California Corporation for Biochemical Research; 
potassium pyruvate from Mann Research Laboratories; and 
Darco G-60 charcoal from the Atlas Powder Company. Lederle 
Laboratories Division of American Cyanamid kindly supplied 
generous amounts of the following compounds: ABG;;? pteroic acid 
(70% pure), aminopterin, amethopterin, pteridine, 6-formyl- 
pteridine, 6-hydroxymethylpteridine, 6-hydroxypteridine (xan- 
thopterin), and 6-carboxypteridine. 6-Formylpteridine and 6- 
hydroxymethy!pteridine were also prepared by the procedure of 
Waller e¢ al. (9) and used in some of the experiments to be de- 
scribed. The prepared compounds were judged from absorption 
spectra to be about 50% pure. 

Reduction of Pteridines—Folic acid, pteroic acid, 6-formyl- 
pteridine, and 6-hydroxymethylpteridine were reduced to the 
corresponding tetrahydro compounds by a catalytic hydrogena- 
tion procedure suggested by Blakley (10). In this procedure, 
the pteridine (5 to 10 mg) was dissolved in 5.0 ml of 0.1 5 
NaOH, and reduction was carried out with hydrogen at room 
temperature with vigorous stirring in the presence of PtOz2 (equal 
to the weight of pteridine being reduced) as catalyst. Under 
these conditions, approximately 2 moles of Hz were taken up per 


2 The abbreviations used are: pteridine, 2-amino-4-hydroxy- 
pteridine; formyl, hydroxymethyl, hydroxy, carboxy, and methyl, 
when used with pteridine, will refer to the corresponding 6-pteri- 
dine compound (e.g. formylpteridine will be used to denote 2- 
amino-4-hydroxy-6-formylpteridine); ABG, p-aminobenzoylglu- 
tamic acid. 
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mole of pteridine added. The tetrahydropteridine compounds 
were stored in aqueous solution under hydrogen at —20° until 
they were used. 

Dihydrofolate and dihydropteroate were prepared by reduc- 
tion with dithionite by the method of Futterman (11). 

Microbiological Assays—Enzymatically produced folic acid 
compounds were determined by microbiological assay with 
Streptococcus faecalis (ATCC No. 8043). Growth was estimated 
turbidimetrically with a Coleman Jr. spectrophotometer (660- 
my wave length). In this assay, the general methods of Teply 
and Elvehjem (12) were followed except for the following 
modifications: (a) sodium ascorbate, pH 7.0 (1.2 mg per ml), was 
added to the double strength basal medium, and (b) the samples 
to be assayed were diluted to the proper concentrations for assay 
in sterile ascorbate (6 mg per ml, pH 7.0) and dispensed asep- 
tically to assay tubes containing previously autoclaved medium. 
Asimilar procedure was originally used by Silverman e¢ al. (13) 
to prevent destruction of tetrahydrofolate so that it could be 
determined by assay with Leuconostoc citrovorum. In the present 
work, by following the procedure described, reduced forms of 
folate and pteroate (which might be formed as products by the 
enzyme system) were prevented from being destroyed and there- 
fore contributed activity in the assay. 

Under the assay conditions described above, compounds that 
are active in the “folic acid” assay with S. faecalis are folate, 
dihydrofolate, pteroate, dihydropteroate, tetrahydropteroate, 
and various formylated forms of tetrahydrofolate and tetra- 
hydropteroate. A comparison of the activities of some of these 
compounds shows that after an 18-hour incubation period folate 
is the most active of the compounds tested (Fig. 1A). Tetra- 
hydropteroate is about half as active as folate, but since this 
compound is made by catalytic hydrogeneration of pteroate, 
probably 50% of it is present as the inactive isomer. Therefore, 
it might be considered that the active isomer and folate are 
equally active in the assay. 

On testing the effects of varying the incubation period, it was 
found that pteroate, but none of the other compounds, became 
more active as the incubation time was lengthened. Maximal 
growth with pteroate was attained after a 44-hour incubation 
period. At this time, folate and pteroate were approximately 
equally active at low concentrations; however, the total growth 
achieved with higher concentrations of folate was significantly 
greater than that achieved with higher concentrations of pteroate 
(Fig. 1B). The data of Fig. 1 show also that dihydrofolate and 
tetrahydrofolate, were about 50% and 16% as active, respec- 
tively, as folate. The reasons for the relatively low activities of 
these reduced compounds remain unknown. It seems unlikely 
that the low activities were due to destruction of the compounds 
during the assay procedure since other experiments performed in 
this laboratory have shown that leucovorin (which is a stable 
compound) and tetrahydrofolate were equally active for L. 
citrovorum when tested under the same conditions described 
above. Dihydropteroate appeared to be about 40% as active 
as folate for S. faecalis with no evident time effect such as that 
observed with pteroate; i.e. dihydropteroate was equally active 
at 18 and 44 hours. However, the yield of dihydropteroate 
obtained by the method of preparation could not be determined 
tasily since no independent method was available for determining 
the purity of the compound; therefore, no statement can be made 
about how active pure dihydropteroate might be and, thus, this 
compound was not included in the curves shown in Fig. 1. 


G. M. Brown, R. A. Weisman, and D. A. Molnar 


2535 


T T T 


INCUBATION TIME: 18 HOURS _| 


3 
FOLATE 
FOLATE 
50 TETRAHYDRO- — 
lif PTEROATE 
PTEROATE 


|. INCUBATION TIME: 44 HOURS 


T 


60 


ff 

FOLATE 


90 ff 


70}- 
TETRAHYDRO- 
FOLATE 4 


= | 
60 40 60 
GROWTH FACTOR, MICROMICROMOLES PER IO ML 


Fig. 1. Relative activities of folate and related compounds in 
promoting growth of S. faecalis. 


PER CENT INCIDENT LIGHT TRANSMITTED 


Since folic acid is readily available and is stable (it can be 
autoclaved with the medium without loss of activity) it was used 
routinely as the standard in the microbiological assays. All 
values to be reported, therefore, are expressed as folate equiva- 
lents, although in all cases the products of the enzymatic reactions 
were not folate, but rather consisted of either dihydropteroate, 
dihydrofolate, tetrahydrofolate, unknown derivatives (probably 
formylated derivatives) of tetrahydrofolate and tetrahydro- 
pteroate, or mixtures of the compounds listed. Thus, the results 
to be reported as “folate equivalents” are subject to correction 
factors which depend on the nature of the product or products of 
the enzymatic reactions and on the activities of such products 
relative to the activity of folate. 

Paper Chromatographic and Bioautographic Techniques—Paper 
chromatograms (Whatman No. 1 paper) were developed by the 
ascending technique. Prior to use, the paper was soaked in a 
solution containing 6 mg per ml of sodium ascorbate (pH 7.0) 
and then dried. The developing solvent in all of the experi- 
ments to be described consisted of 0.1 m phosphate (K salts) 
buffer, pH 7.0, which also contained 6 mg per ml of sodium 
ascorbate. The ascorbate on the paper and in the solvent acted 
as an antioxidant to prevent the destruction of dihydro and 
tetrahydro forms of pteroate and folate. 

Zones of migration were located by bioautography (14). For 
this purpose, the developed chromatogram was placed in contact 
with the surface of solid medium (the S. faecalis basal medium 
described above solidified with 2% agar and seeded with a 
washed culture of S. faecalis) contained as a 5-mm layer in a 
sterile 22- x 30-cm Pyrex baking dish. After about 5 minutes, 
the chromatogram was removed and the plate was covered and 
incubated for 16 hours at 30°. The resulting growth zones 
corresponded to zones of migration on the original chromatogram 
of folate or compounds that can replace folate as a growth factor 
for S. faecalis. The inoculum used to seed the plates consisted 
of washed cells from a 16- to 20-hour culture grown on a yeast 
extract medium. One milliliter of this suspension was used to 
inoculate 200 ml of the sterile basal medium before preparation 
of the plate. The same general procedure was followed when L. 
citrovorum was used as the test organism, except that the growth 
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Enzymatic formation of ‘‘folate’’ by cell-free extracts of E. coli 

The complete reaction mixture contained: ABG, 0.067 mm; 
ATP, 3.3mm; DPNH, 0.067 mu; MgCl, 6.7 mM; mercaptoethanol, 
67 mm; and 0.2 ml (10 mg of protein) of crude extract of E. coli, 
in a total volume of 1.5 ml of 0.07 m phosphate (K salts) buffer, 
pH 7.0. Pteridines were added to reaction mixtures as shown at 
concentrations of 0.067 mm. Incubation was for 3 hours at 37° 
under anaerobic conditions. After incubation, 1 mmole of mer- 
captoethanol was added to each reaction mixture to stop the re- 
action and also to help preserve reduced products which might be 
formed. ‘‘Folate’’ produced was determined by microbiological 
assay with S. faecalis. 


Reaction mixture Folate ta 

Complete (stopped at 0 time)................. 0 

Complete + formylpteridine.................. 2.80 
Complete + hydroxymethylpteridine.......... 0.52 
Complete + carboxypteridine................. 0.85 
Complete + hydroxypteridine................. 2.89 
Complete + methylpteridine.................. 3.40 


medium for L. citrovorum (15) was used and incubation of the 
plates was at 37° instead of 30°. 

Growth of E. coli and Preparation of Cell-free Extracts—A strain 
of E. coli B (kindly supplied by Dr. 8. E. Luria) which is resistant 
to infection with the bacteriophage T; was used as a source of 
enzymes for the work to be reported. This Tj-resistant strain 
was used because of some trouble encountered by infection with 
T, (present as a persistent contaminant in the laboratory) 
during the growth of sensitive strains. Cells were grown at 37° 
(with aeration) in 15 liter amounts contained in 20-liter carboys. 
The growth medium contained -per liter: NasHPO,, 10.5 g; 
KH2PO,, 4.5 g; NH,Cl, 1 g; MgSO,-7H20, 0.6 g; Casamino 
acids (Difco Laboratories), 15 g; glycerol, 10 ml; and CaCle, 30 
mg. Inoculum for each carboy was a 1-liter culture grown at 37° 
with shaking for 16 hours on the medium described above. 
Growth of the 15-liter cultures was allowed to proceed for about 
4 hours; the cells were harvested (Stock centrifuge; Wilhelm 
Stock Maschinenbau, Marburg, Western Germany), washed 
once with 0.9% NaCl solution, recentrifuged, and the moist cell 
cake was frozen by immediate immerson in liquid nitrogen. The 
frozen cells were then ruptured with the use of a Hughes press 
(Shandon Scientific Company, Ltd., London); the broken cells 
were suspended in 2 to 3 volumes of 0.05 m Tris buffer (pH 8.0), 
treated with DNase (to reduce the viscosity of the suspension), 
and centrifuged at 105,000 x g for 1 hour. The clear superna- 
tant extract was saved an used as a source of enzymes. 

Protein—Protein was estimated by the method of Lowry et al. 
(16) with the use of bovine serum albumin (Pentex, Inc.) as the 
standard. 

Anaerobic Incubations—In all of the experiments to be de- 
scribed, incubations of enzyme preparations with substrates were 
carried out under anaerobic conditions. For this purpose, reac- 
tion mixtures (prepared in 12- to 15-ml centrifuge or test tubes) 
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were placed in water at 37° contained as a 4- to 6-cm layer in the 
bottom of a desiccator. The desiccator was then evacuated and 
filled with hydrogen (nitrogen and helium work almost as well) 
and incubated in an air incubator at 37°. In some cases when 
solutions either had to be added to or withdrawn from a reaction 
mixture under anaerobic conditions, the reaction mixture was 
prepared in a centrifuge tube containing a side arm equipped with 
a stopcock. A NO-AIR rubber stopper (a product of Champaine 
Industries, Inc., St. Louis, Missouri) was used to close off the 
opening at the top of the tube, and the tube was then evacuated 
and filled with hydrogen. Solutions could then be added or 
withdrawn by means of a syringe equipped with a hypodermic 
needle; the needle could be pushed through the rubber stopper 
and then withdrawn without disturbing anaerobic conditions. 


RESULTS 


Synthesis of Folic Acid Compounds by Crude Extracts of E. coli— 
The ability of crude cell-free extracts of E. coli to catalyze the 
formation of compounds with folate activity for S. faecalis in the 
presence of ABG is shown in Table I. No compound other than 
ABG needed to be supplied as substrate or cofactor for synthesis 
to occur although DPNH appeared to be somewhat stimulatory. 
Some of the pteridines that were tested as substrates not only 
were not required in the system, but also appeared to inhibit 
synthesis significantly (see Table I). 

Other experiments, not shown here, have indicated that for 
maximal synthesis of folate equivalents, reaction mixtures should 
contain mercaptoethanol (or other antioxidant such as ascorbate) 
and incubation should be carried out under anaerobic conditions, 

Preparation and Enzymatic Activity of Charcoal-treated Ez- 
tracts—It was considered likely that the failure to demonstrate a 
requirement for a pteridine as substrate and for ATP and pos- 
sibly other cofactors was due to the presence of these compounds 
in the crude extracts. The results of efforts made to remove 
these compounds from the enzyme preparation led to the adop- 
tion of the following procedure for this purpose. Enough of a 
neutralized solution of p-aminobenzoic acid was added to the 
crude extract (which contained about 40 mg per ml of protein) 
to give a solution that was 1 mm with respect to p-aminobenzoic 
acid. A saturated solution of ammonium sulfate (adjusted to 
pH 7.0 with NH,OH) was then added (slowly, with stirring at 
4°) to the extract to give a 90% saturated solution. The protein 
precipitate was collected by centrifugation, dissolved in a 
minimal amount of 0.05 m phosphate (K salts) buffer (pH 7.0) 
which also contained p-aminobenzoic acid (1 mm), and the solu- 
tion was dialyzed overnight at 4° against at least 200 volumes of 
the phosphate-p-aminobenzoic acid buffer. After dialysis, 
more p-aminobenzoic acid was added to give a final concentration 
of 2 mM, and 200 mg of Darco G-60 were then added per 10 ml of 
enzyme preparation (containing about 30 mg per ml of protein). 
The suspension was stirred for 10 minutes at 4° and centrifuged 
to remove the charcoal. The clear supernatant solution will be 
referred to as the “charcoal-treated extract” in the remainder of 
of this paper. In the procedure described above, the p-amino- 


_ benzoic acid was added to the extract as a protective agent. In 


the absence of p-aminobenzoic acid, little or no enzymatic 
activity remained after the charcoal treatment. Other experi- 
ments have revealed that ABG can serve as a protective agent al- 
most as well as p-aminobenzoic acid, however, p-aminobenzoic 
acid was used routinely for this purpose because it is more read- 
ily available in large quantities. 
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The substrate and cofactor requirements for the synthesis of 
“folate” by a charcoal-treated extract are shown in Table II. 
ATP, DPNH, FAD, Mg*+, and a source of pteridine (added as 
formylpteridine) were all required for maximal production of 
folate. No source of ABG needed to be added, as the enzyme 
preparation contained large amounts of p-aminobenzoic acid and 
results to be presented later show that p-aminobenzoic acid can 
be used in place of ABG. Some variations have been noted in the 
ATP and FAD requirements depending on which of several 
separate preparations of charcoal-treated extracts was used as a 
source of enzymes. With some preparations, ATP, FAD, or 
both, were absolute requirements, and with other preparations 
these compounds were only stimulatory. Absolute require- 
nents for a pteridine compound, pyridine nucleotide, and Mg++ 
have been observed with all of the preparations of charcoal- 
treated extracts. 

Comparison of p-Aminobenzoic Acid and ABG as Substrates— 
Shiota (4) reported that a folate-synthesizing enzyme system 
from L. arabinosus could utilize as substrates either p-amino- 
benzoic acid (to yield pteroic acid) or ABG (to yield folic acid). 
A comparison of the activities of these two compounds as sub- 
strate in the E. coli system (Fig. 2) indicated that p-amino- 
benzoic acid was utilized much more effectively than ABG. 
TPN, thiamine pyrophosphate, and pyruvate were included in 
the reaction mixtures as a result of the finding (discussed in a 
later section of this paper) that these compounds stimulated 
“folate”? production. The enzyme preparation used in these 
experiments was a charcoal-treated extract from which the p- 
aminobenzoic acid had been removed by dialysis for a total of 24 
hours against 6 changes of 0.05 m phosphate buffer, pH 7.0. 
Fig. 2 also shows that at very high concentrations p-aminobenzoic 
acid becomes inhibitory. The products of enzymatic action in 
these experiments were found by bioautographic techniques (see 
Fig. 3) to be dihydropteroic acid (from p-aminobenzoic acid) 
and dihydrofolic acid (from ABG). In the solvent system used, 
both pteroate and dihydropteroate moved only slightly ; however, 
one can distinguish between these two compounds with tube 
assays because the activity of pteroate increases with increased 
incubation times (see Fig. 1) whereas that of dihydropteroate 
shows no such time effects. The activity of the enzymatic 
product was not affected by the length of incubation, a fact that, 
when considered along with the chromatographic behavior of the 
compound, indicates that the product was dihydropteroate. 
These results suggest that a dihydropteridine compound is the 
substrate that reacts with p-aminobenzoic acid to yield di- 
hydropteroate (or with ABG to yield dihydrofolate). 

Pteridine Compounds Active as Substrates—Of several pteridines 
(which were substituted on the 6-position with various groups) 
which were tested, only formyl- and hydroxymethylpteridine 
were active as substrates for the formation of folic acid com- 
pounds; formylpteridine was many times more active than 
hydroxymethylpteridine (see Table III). Also, hydroxymethyl- 
tetrahydropteridine was several times more active as substrate 
than the nonreduced compound (Table III). A comparison of 


the relative activities of pteridine compounds, given in Fig. 4, 
shows that formylpteridine was about twice as active as formyl- 
tetrahydropteridine, probably because the latter compound was 
prepared by reduction by catalytic hydrogenation, a procedure 
which would be expected to produce two isomers (caused by 
configuration around carbon 6 of the pteridine ring), only one of 
which would probably be active. 


Since the hydroxymethyl- 
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TaBLeE II 


Substrate and cofactor requirements for ‘‘folate’’ synthesis 
with charcoal-treated extracts 

The complete reaction mixture contained: formylpteridine, 
0.067 mm; ATP, 3.3 mm; DPNH, 0.067 mu; FAD, 0.056 mm; MgClz, 
6.7 mM; mercaptoethanol, 67 mM; and 0.2 ml (about 6 mg of pro- 
tein) of charcoal-treated extract (containing about 0.4 umole of 
p-aminobenzoic acid) in a total volume of 1.5 ml of 0.07 m phos- 
phate (K salts) buffer, pH 7.0. Incubation and post-incubation 
treatment were as described in Table I. 
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Fic. 2. A comparison of the effectiveness with which p-amino- 
benzoic acid (p-AB) and ABG (p-ABG) are used for enzymatic 
synthesis of “‘folate.’? Reaction mixtures and incubation condi- 
tions were as described in Table III except that a dialyzed char- 
coal-treated extract was used as a source of enzymes and p-amino- 
benzoic acid or ABG was added to reaction mixtures as indicated. 


tetrahydropteridine used in comparisons given in Fig. 4 was also 
produced by catalytic hydrogenation, this compound should also 
consist of two isomers, only one of which might be expected to be 
active. If this is true and if the indicated corrections are then 
made in comparing activities of pteridine compounds, the active 
isomer of hydroxymethyltetrahydropteridine would be more than 
twice as active as either formylpteridine or the active isomer of 
formyltetrahydropteridine. These considerations are consistent 
with the idea that reduced forms of pteridine compounds are 
more direct precursors of folate than are the fully oxidized forms. 
Support for this tentative conclusion was provided by experi- 
ments which showed that in the presence of either formyltetra- 
hydropteridine or hydroxymethyltetrahydropteridine “folate” 
synthesis increased linearly with time and that the straight line 
which could be drawn passed through the origin (Fig. 5) (7.e. 
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Fic. 3. A drawing of a bioautogram which shows the nature of 
products formed from p-aminobenzoic acid and ABG by charcoal- 
treated extracts. Reaction mixtures were the same as those 
described in Fig.2. Reaction Mixture 1 contained p-aminobenzoic 
acid (0.013 mm) as substrate and Reaction Mizture 2 contained 
ABG (0.067 mm). After incubation, about 0.005 ml of each reac- 
tion mixture was spotted on paper along with the control com- 
pounds (an amount of each equivalent in activity to about 20 
myg of folate was spotted). The chromatogram was developed 
and bioautograms were prepared with the use of S. faecalis ac- 
cording to directions given in ‘‘Experimental Procedure.’’ 


TaBLe III 


Effectiveness of various pteridine compounds as substrates 
for ‘‘folate’’ synthesis 

Reaction mixtures contained: ATP, 3.3 mm; DPNH, 0.067 mm; 
TPN, 0.067 mm; FAD, 0.056 mm; MgClz, 6.7 mm; mercaptoethanol, 
67 mm; thiamine-PP, 0.013 mm; potassium pyruvate, 1.33 mM; 
pteridine compound as shown, 0.067 mm; and 0.2 ml (about 6 mg 
of protein) of charcoal-treated extract (containing about 0.4 
umole of p-aminobenzoic acid) in a total volume of 1.5 ml of 0.07 
m phosphate buffer, pH 7.0. Incubation and post-incubation 
treatment were as described in Table I. 


Pteridine added 
ag 
Hydroxymethylpteridine...................... 0.48 
Formyltetrahydropteridine............ 3.42 
Hydroxymethyltetrahydropteridine............ 5.52 


“folate” synthesis began immediately after incubation had 
begun); on the other hand, when formylpteridine was used as 
substrate a lag period of about 40 minutes resulted before 
“folate” synthesis began (Fig. 5). These results suggest that 
the formylpteridine had to be transformed into perhaps a 
reduced pteridine compound before it could be utilized for folate 
synthesis and that the formation of this new compound was the 
rate-limiting step in the enzyme system when formylpteridine 
was used as substrate. 

Nature of the Pyridine Nucleotide Requirement—In the initial 
experiments with the use of charcoal-treated extracts as a source 
of enzymes, DPNH in an amount of 100 mumoles per reaction 
mixture was added as a source of pyridine nucleotide. Since 
this amount is at least 5 times more than the amount of product 
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which was formed, it was thought that by adding a DPNH. 
generating system it might be possible to reduce the DPNH 
requirement to a stoichiometric or catalytic level. However, 
when the DPNH concentration was reduced to 20 mymoles per 
reaction mixture, no “folate” synthesis took place (with formy]- 
pteridine as substrate) even in the presence of alcohol dehy- 
drogenase and ethanol as a DPNH-generating system. Further 
investigations revealed that synthesis could be restored by adding 
TPN to the reaction mixture and also that the addition of 
thiamine pyrophosphate and pyruvate increased the amount of 
‘folate’ formed. These results are summarized in Table IV, 
Under the conditions employed in these experiments, both 
DPNH and TPN were required for maximal synthesis and DPN 
could be substituted for DPNH with no decrease in formation of 
product as long as thiamine pyrophosphate and pyruvate were 
present in the reaction mixture; in the absence of these two 
compounds, DPN was less active than DPNH (Table IV). 
These results suggest that the TPN requirement was met in the 
presence of the higher concentrations of DPNH or DPN probably 
by the enzymatic formation of TPN from DPN and ATP. 
Furthermore, these data also suggest that the stimulatory 
properties of thiamine pyrophosphate and pyruvate were a result 
of these compounds supplying an efficient enzymatic system (by 
the oxidation of pyruvate) for the formation of DPNH from 
DPN. It was also found that the addition of glucose-6-P and 
glucose-6-P dehydrogenase (a system which efficiently converts 
TPN to TPNH) to reaction mixtures inhibited “folate” produc- 
tion, a fact which argues against a requirement for TPNH in the 
system and therefore suggests that TPN is required in some as 
yet unexplained way. Although DPNH and TPN are active in 
the lower concentrations (20 mumoles of each per reacticn 
mixture) in the presence of thiamine pyrophosphate and pyruvate, 
in order to insure that pyridine nucleotides were never limiting, 
it was decided to add these compounds to reaction mixtures at 
the higher concentrations (100 mumoles per reaction mixture) in 
all of the work not directly concerned with establishing activities 
of DPNH and TPN. 
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Fic. 4. A comparison of the activities of certain pteridine com- 
pounds as substrates for ‘“‘folate” synthesis. Reaction mixtures 
and incubation conditions were as described in Table III except 
that pteridine compounds were added in the amounts shown. 
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It was thought that a correlation between cofactor require- 
ments and the type of pteridine compound that could be used as 
substrate might be helpful in establishing cofactor requirements 
for each enzymatic step. Accordingly, formylpteridine, formy]- 
tetrahydropteridine, and hydroxymethyltetrahydropteridine 
were all tested in the presence and absence of individual cofactors. 
The results of these experiments (summarized in Table V) show 
that for maximal synthesis a full complement of cofactors (7.e. 
ATP, FAD, Mg++, DPNH, TPN, and thiamine pyrophosphate) 
and pyruvate were required only when formylpteridine was 
added as substrate. The use as substrate of either formyl- or 
hydroxymethyltetrahydropteridine required the presence only 
of ATP, Mg++, and TPN, although some synthesis occurred 
with hydroxymethyltetrahydropteridine even in the absence of 
TPN. DPN, when added at relatively high concentrations, was 
able to be utilized in place of TPN, probably because it was 
converted to TPN. The amount of TPN needed for maximal 
synthesis from hydroxymethyltetrahydropteridine and the re- 
quirement for ATP are shown in Table VI. These results 
(Tables V and VI) indicate (a) that FAD, DPNH, and TPN 
were required for the enzymatic reduction of the formy|pteridine 
to another pteridine (probably hydroxymethyldihydropteridine), 
(b) that TPN was required probably for the oxidation of tetra- 
hydropteridine compounds to the corresponding dihydro com- 
pounds, and (c) that the hydroxymethyltetrahydropteridine 
preparation was either contaminated with the corresponding 
dihydro compound or, prior to utilization, the tetrahydro 
compound was partially oxidized nonenzymatically to the 
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Fic. 5. The rate of ‘‘folate’’ synthesis as a function of the pteri- 
dine compound added as substrate. The composition of the reac- 
tion mixtures was as described in Table III. Reaction mixtures 
were prepared in the special tubes described in ‘‘Experimental 
Procedure.’ At zero time, the reactions were started by adding 
the enzyme preparation (which had been warmed to 37°) to the 
otherwise complete reaction mixtures by means of syringe 
equipped with a hypodermic needle. The reaction mixtures were 
made anaerobic and were warmed to 37° prior to the addition of 
the enzyme preparation. Aliquots (0.1 ml) were withdrawn at the 
times indicated with a hypodermic needle and immediately diluted 
to the proper volumes (in sterile ascorbate at 6 mg per ml) and 
added to previously prepared microbiological assay tubes. ‘‘Fo- 
late” activity was estimated by assay with S. faecalis. 
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TaBLe IV 
Pyridine nucleotide, thiamine pyrophosphate, and pyruvate 
requirements for enzymatic synthesis of ‘‘folate’’ 
Reaction mixtures and incubation conditions were as described 
in Table III except that only formylpteridine was added as pteri- 
dine substrate to each reaction mixture and pyridine nucleotides 
were added in the amounts shown. 


Folate equivalents formed 
Amount of 
Pyridine nucleotide added 
added thiamine-PP | thiamine-PP 
and pyruvate | and pyruvate 
myumoles us 
+ TPM. 100 of each; 3.22 6.44 
100 of each} 3.24 6.49 
20 1.09 1.21 
20 of each 3.03 5.36 
DPN TPN. 20 of each} 1.47 5.57 
TaBLe V 


Relation of coenzyme requirements to pteridine compound used as 
substrate for enzymatic synthesis of ‘‘folate’’ 


Reaction mixtures and incubation conditions were as described 
in Table III. 


Folate equivalents formed with pteridine 
as substrate 
Coenzyme added to reaction mixture ew 
methyl- Formyl- Formyl- 
ug 
7.12 2.40 0 
DPNH + TPN + FAD........ 7.24 2.16 2.61 
DPNH + TPN + FAD + thi- 
amine-PP + pyruvate........| 7.26 2.38 5.27 


dihydro compound, since some synthesis occurred in the absence 
of TPN. 

Conversion of Reduced Pteroate to Reduced Folate—The results 
which have been presented suggest that in Z. coli dihydropteroate 
is formed relatively efficiently from p-aminobenozic acid and 
what is thought to be hydroxymethyldihydropteridine and that, 
therefore, dihydropteroate is an intermediate in the biosynthesis of 
folate or reduced forms of folate. If this is true, then it might 
be possible to demonstrate that crude extracts catalyze a reac- 
tion whereby dihydropteroate and glutamate are converted 
to a folate compound. Experiments performed with undialyzed 
crude extracts of EZ. coli showed that both dihydro- and tetra- 
hydropteroate were converted to a compound that seemed to be a 
derivative of tetrahydrofolate (as observed on a bioautogram 
with L. citrovorum as the test organism). No glutamate require- 
ment for synthesis of this compound could be demonstrated. 
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TaBLe VI 
Amount of TPN required to stimulate maximal ‘‘folate’’ synthesis 
Reaction mixtures contained: ATP, 3.3 mm; hydroxymethyl- 
tetrahydropteridine, 0.067 mm; MgCloe, 6.7 mm; mercaptoethanol, 
67 mm; 0.2 ml (about 6 mg) of charcoal-treated extract (contain- 
ing about 0.4 umole of p-aminobenzoic acid); and TPN as shown 
in a total volume of 1.5 ml of 0.07 m phosphate buffer, pH 7.0. 


Incubation and post-incubation treatment were as described in 
Table I. 


TPN added to reaction mixture Folate equivalents formed 


umole | us 
0 | 2.36 
0.02 4.95 
0.05 5.32 
0.10 | 5.81 
0.20 | 5.87 
0.20 (omit ATP) 2.95 
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Fig. 6. A drawing of a bioautogram which illustrates the 
glutamate-dependent enzymatic conversion of reduced pteroic 
acid to a folate compound. Reaction mixtures were prepared to 
contain: tetrahydropteroate, 0.024 mm; glutamate (when added), 
0.067 mm; ATP, 1.3mm; DPN, 0.067 mm; MgClo, 6.7 mm; mercapto- 
ethanol, 67 mm; and 0.2 ml (about 10 mg of protein) of crude 
extract of EB. coli (dialyzed exhaustively as described in the text), 
in a total volume of 1.5 ml of 0.07 m phosphate (K salts) buffer, 
pH 7.0. Glutamate was added to Reaction Mixture 1 but not to 
Reaction Mixture 2. Incubation was for 3 hours at 37° under 
anaerobic conditions. After incubation, 1 mmole of mercapto- 
ethanol was added to each reaction mixture and 0.005 ml aliquots 
were spotted, along with control compounds as shown (about 20 
mug of each), on paper sheets. The chromatograms were de- 
veloped and bioautograms were prepared with S. faecalis (A) and 
with L. citrovorum (B) as the test organisms. 


However, after extensive dialysis of the crude extract for 24 hours 
against 6 (4 hours each) changes (about 200 volumes each) of 
0.05 m phosphate buffer (pH 7.0), the formation of the new 
compound was shown to be dependent on the addition of gluta- 
mate to the reaction mixture (Fig. 6). The new compound 
(Rr of 0.70, Fig. 6) possessed growth promoting activity for S. 
faecalis and for L. citrovorum. Both dihydro- and tetrahydro- 
pteroate, but not pteroate, could be used as substrate for forma- 
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tion of this compound. The new compound was not folate, 
tetrahydrofolate, or dihydrofolate (compare Rr values of Fig. 6 
with those in Fig. 3), but almost surely was a derivative (perhaps 
containing a 1-carbon unit) of tetrahydrofolate since, as far as jg 
known, the only folic acid compounds which are active for J, 
citrovorum are those that contain the tetrahydropteridine ring 
structure. Since the enzyme preparation was relatively crude, 
the chances are good that the enzymes and 1-carbon donor com. 
pounds necessary for the formation of tetrahydrofolate deriva. 
tives were present. 

It can also be noted from Fig. 6 that another compound (R, of 
about 0.50) was formed. Since the formation of this compound 
was not glutamate-dependent and since the compound was active 
for S. faecalis but not for L. citrovorum, it seems likely that this 
compound was an unidentified derivative of either dihydro- or 
tetrahydropteroate. 

Two possible pathways for the enzymatic formation of the 
tetrahydrofolate compound merited consideration: (a) the reac- 
tion of tetrahydropteroate with glutamate to yield tetrahydro- 
folate directly, and (6) the formation of dihydrofolate from 
dihydropteroate and glutamate followed by reduction to yield 
tetrahydrofolate. To help decide which of these pathways 
operates in the Z. coli system, reaction mixtures were prepared 
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Fic. 7. A drawing of a bioautogram which indicates that di- 
hydrofolate is the initial product formed from dihydropteroate 
and glutamate. Reaction mixtures were prepared to contain: 
dihydropteroate, about 0.02 mm; glutamate (when added), 0.067 
mm; ATP, 1.3 mm; DPN, 0.067 mm; MgCle, 6.7 mm; mercapto- 
ethanol, 67 mm; 0.2 ml of crude extract of #. coli (exhaustively 
dialyzed); and either aminopterin or amethopterin, 0.067 mw, in 
a total volume of 1.5 ml of 0.07 m phosphate buffer, pH 7.0. Post- 
incubation treatment was as described in Fig. 6. 

Reaction Mixture A contained glutamate and aminopterin; 
Reaction Mixture B contained glutamate and amethopterin; Reac- 
tion Mixture C contained amethopterin but no glutamate. The 
bioautogram (A) was prepared with S. faecalis as the test organ- 
ism. The zones indicated with broken lines are inhibition zones 
which were visible against a background of faint growth on the 
bioautogram. By contrast the zones of migration of folate com- 
pounds appeared as heavy growth zones (diagonal hatching). Note 
that aminopterin was contaminated with folate. The zones of 
migration of the inhibitors were determined by preparing a bio- 
autogram (B) from a chromatogram on which had been spotted 
each of the inhibitors. This bioautogram was prepared with 
growth medium to which folate had been added (10 mug per ml) 
and with S. faecalis as the test organism. The zones shown in B 
thus refer to zones of inhibition of growth of S. faecalis. 
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which contained either aminopterin or amethopterin, both of 
which are known to inhibit effectively the enzymatic reduction of 
dihydrofolate to tetrahydrofolate (11, 17-19). If tetrahydro- 
folate is formed directly (Pathway a, above) then this compound, 
or a derivative, should be present in the incubated reaction 
mixtures, whereas if dihydrofolate is the product (Pathway b, 
above) then dihydrofolate, but no tetrahydrofolate compound, 
should be detected in an incubated reaction mixture. The results 
given in Fig. 7 show that under these conditions only dihydro- 
folate was found; thus, it must be concluded that dihydropteroate 
had reacted directly with glutamate to yield dihydrofolate. 
Other experiments have revealed that if tetrahydropteroate is 
used as substrate in the presence of the inhibitors, again only 
dihydrofolate could be detected as product, a fact which indicates 
that tetrahydropteroate was probably converted to dihydro- 
pteroate prior to reaction with glutamate. In these experiments, 
two types of reaction mixtures were prepared, one (containing 
aminopterin) served to show that no tetrahydrofolate or deriva- 
tives were formed and the other (containing amethopterin) was 
prepared to show that dihydrofolate was formed. It was 
necessary to use both inhibitors in this way since, in the solvent 
system used, aminopterin and dihydrofolate migrated to the 
same area on the chromatogram (see Fig. 7) and, thus, any 
dihydrofolate that might be formed in the presence of amino- 
pterin would not be detected on bioautograms because of the 
growth inhibitory properties of aminopterin. The results shown 
in Fig. 7 also clearly establish that in the absence of glutamate 
and in the presence of amethopterin no dihydrofolate was 
produced (Reaction Mixture ©). 

The enzyme system responsible for the formation of dihydro- 
folate from dihydropteroate and glutamate is very labile, and all 
fractionation attempts or treatments with either charcoal or 
Dowex 1 to remove possible cofactors so far have resulted in the 
complete irreversible inactivation of the system. Until some 
method can be devised to stablize the enzyme or enzymes con- 
cerned in this system, any possible cofactor requirements cannot 
be determined. 


DISCUSSION 


The data which have been presented in the present paper sug- 
gest that the biosynthesis of folic acid compounds proceeds (as 
shown in Fig. 8) by the reaction of hydroxymethyldihydro- 
pteridine with p-aminobenzoic acid to give dihydropteroate, 
which is then converted, in the presence of glutamate, to di- 
hydrofolic acid. The position of hydroxymethyldihydropteri- 
dine as the most direct pteridine precursor is based on the evi- 
dence (a) that, dihydropteroate is the sole product formed from 
p-aminobenzoic acid and dihydrofolate is the sole product formed 
from ABG and (6) in rate studies oxidized pteridines were not as 
effective as substrates as were reduced pteridines. Formulation 
of the pathway with dihydropteroate as an intermediate rather 
than ABG is based primarily on the evidence, presented in this 
paper, that p-aminobenzoic acid is a much more effective substrate 
for synthesis of dihydropteroate than is ABG for the synthesis of 
dihydrofolate and also that an enzyme has been discovered in EZ. 
coli extracts that catalyzes the conversion of dihydropteroate 
and glutamate to dihydrofolate. Many attempts to show that 
extracts of E. coli catalyze the formation of ABG from p-amino- 
benzoic acid and glutamate have met with failures. Other 
evidence in support of the position of dihydropteroate as an 
intermediate instead of ABG is the fact that most organisms for 
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Fic. 8. Proposed pathway for biosynthesis of folate com- 
pounds. 


which p-aminobenzoic acid is a nutritional requirement cannot 
effectively utilize ABG as a substitute (20); the present authors 
have tested two p-aminobenzoic acid-requiring mutants of E. coli 
and have found that neither can use ABG. Also the fact that 
S. faecalis will utilize pteroic acid or its reduced forms and not 
p-aminobenozic acid or ABG in place of folic acid suggests that a 
pteroate compound is an intermediate in folate synthesis. 

The requirements for ATP and Mg*+ for the enzymatic syn- 
thesis of dihydropteroate suggest that a phosphorylated com- 
pound may be an intermediate. A good candidate would be a 
pyrophosphate ester of hydroxymethyldihydropteridine. This 
compound would be expected to be quite reactive since it 
contains an allyl pyrophosphate-like structure. Similar com- 
pounds are known to be intermediates for carbon-to-carbon bond 
formation (21, 22). Also, a similar pyrophosphate ester, the 
ester of 2-methyl-4-amino-5-hydroxymethylpyrimidine (which 
also contains an allyl pyrophosphate-like structure) has been 
shown to be an intermediate in the biosynthesis of thiamine (23). 
In support of the position of hydroxymethyldihydropteridine 
pyrophosphate as an intermediate is a recent note by Jaenicke 
and Chan (8) in which they reported that the pyrophosphate of 
hydroxymethyldihydropteridine can be utilized for folate syn- 
thesis in the absence of ATP. 

Owing to the lability of the enzyme (or enzymes) that converts 
dihydropteroate to dihydrofolate, not much is yet known about 
this system. Experiments have been performed that indicate 
that the system does not form ABG from p-aminobenzoic acid 
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and glutamate. Since there is an increasing volume of evidence 
that the naturally occurring coenzyme form of folic acid is a 
triglutamate (24), it is possible that the EZ. coli enzyme system 
could utilize a tripeptide consisting of three glutamate residues 
as substrate in place of glutamate to yield the triglutamate of 
dihydropteroic directly. This tripeptide has not yet been tested 
as substrate. 

The enzymatic transformation of formylpteridine into a 
pteridine which can be used directly for synthesis of dihydro- 
pteroate clearly requires FAD, TPN, and DPNH (or DPN and 
DPNH-generating system). If hydroxymethyl dihydropteridine 
is the most direct pteridine precursor, then two types of reduc- 
tions must occur to convert formylpteridine to this compound: 
(a) the reduction of the pteridine ring and (6) the reduction of the 
formyl group to a hydroxymethyl group. No conclusive evi- 
dence is available at present to indicate which cofactors are 
involved in each of these reductive steps. Since TPN is required 
for maximal synthesis when the tetrahydropteridines are used as 
substrate, it seems reasonable to conclude that TPN is perhaps 
necessary for the oxidation of the tetrahydropteridine to the 
dihydro compound. The role of TPN when the added substrate 
is formylpteridine is not clear. 

The finding that formylpteridine and hydroxymethyltetra- 
hydropteridine are active substrates whereas hydroxymethyl- 
pteridine is relatively inactive indicates that the enzyme system 
can reduce the pteridine ring structure of formylpteridine but 
cannot effectively reduce hydroxymethylpteridine. It has also 
been found? that neither folic acid nor pteroic acid can be reduced 
by the EZ. coli enzyme system. Thus, the reductive enzyme 
system seems to be rather specific for formylpteridine. 

The data presented in the present paper are in agreement with 
those of Shiota (4), who used extracts of L. arabinosus to show 
that formylpteridine, hydroxymethylpteridine, and tetralfydro 
forms of these compounds could be converted to either pteroic 
acid or folic acid, depending on whether p-aminobenzoic acid or 
ABG was used as substrate. Shiota had to add ATP to his 
system but not FAD or pyridine nucleotides. Since he made no 
special effort to remove the latter cofactors from his enzyme 
preparation, very probably there was enough of these compounds 
present so that none had to be added. Shiota did not compare 
the relative effectiveness of p-aminobenzoic acid and ABG as 
substrates, but Jaenicke and Chan (8) reported that less “‘folate’’ 
was synthesized from p-aminobenzoic acid than from ABG with 
E. coli extracts. The latter workers, however, added such large 
amounts (5 umoles) of p-aminobenzoic acid to reaction mixtures 
that they most surely were inhibiting “‘folate” synthesis, because 
the results of the present paper have indicated that excessive 
amounts of p-aminobenzoic acid are inhibitory. The folate- 
synthesizing system of Katunuma, prepared from M. avium, 
seems to be quite different from that of E. coli and L. arabinosus. 

The results presented in this paper indicate that folic acid is 
not an intermediate in the biosynthesis de novo of the coenzyme 
form of folate (tetrahydrofolate or tetrahydropteroyltrigluta- 
mate), and that therefore folate occurs naturally only because 
dihydro- or tetrahydrofolate are susceptible to oxidation. How- 
ever, the formation of folate does not result in a metabolic cul-de- 
sac since enzyme systems exist, both in animals and in certain 
bacteria (see Huennekens and Osborn (25) for a discussion of this 
subject) which can reduce folate to the metabolically active 
forms of the vitamin. 


3 Unpublished experiments from this laboratory. 
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SUMMARY 


Cell-free extracts of Escherichia coli were active in catalyzing 
the conversion of either p-aminobenzoate or p-aminobenzoy]- 
glutamate and certain pteridines to compounds with folic acid 
activity for Streptococcus faecalis. When p-aminobenzoic acid 
was added as substrate, dihydropteroate was formed as product, 
whereas the use of p-aminobenzoylglutamate as substrate re. 
sulted in the formation of dihydrofolate. In this system p- 
aminobenzoic acid was several times more active as substrate 
than p-aminobenzoylglutamate. 

Pteridine compounds which were used effectively by the 
enzyme system as precursors of either dihydropteroate or dihy- 
drofolate were 2-amino-4-hydroxy-6-formylpteridine, 2-amino-4- 
hydroxy-6-formyltetrahydropteridine, and 2-amino-4-hydroxy- 
6-hydroxymethyltetrahydropteridine. Adenosine triphosphate 
and Mg** were necessary components of the system, irrespective 
of which pteridine compound was used as substrate. Reduced 
diphosphopyridine nucleotide, triphosphopyridine nucleotide, 
flavin adenine nucleotide, thiamine pyrophosphate, and pyruvate 
were also necessary for maximal synthesis when the 6-formyl- 
pteridine compound was used as substrate; however, only tri- 
phosphopyridine nucleotide was required in the presence of 
either of the two active tetrahydropteridines. 

Dialyzed extracts of E. coli also were able to catalyze a gluta- 
mate-dependent reaction whereby reduced forms of pteroic acid 
were converted to folate compounds. Evidence was presented 
which indicated that the reaction involved the formation 
directly of dihydrofolate from dihydropteroate rather than 
tetrahydrofolate from tetrahydropteroate. 

From a consideration of the data presented, the following path- 
way for the biosynthesis of dihydrofolic acid was proposed: 


(a) 2-Amino-4-hyd roxy-6-hydroxymethyldihydropteridine + 
Mgtt+ 


adenosine triphosphate + p-aminobenzoic acid 
dihydropteroic acid 
(b) Dihydropteroic acid + glutamate — dihydrofolic acid 


Possible cofactor requirements for Reaction b have yet to be 
determined. 


Acknowledgment—It is a pleasure to acknowledge the skillful 
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Enzymatic hydrolysis of chlorophylls into chlorophyllides 
and phytol, and transesterification to the corresponding methyl 
and ethyl esters, was reported by Willstatter and Stoll in 1913 
(1). Krossing (2) found such activity localized in the chloro- 
plasts, while more recently Ardao and Vennesland (3) showed 
that spinach chloroplastin exhibits chlorophyllase activity. In 
these and other (4) investigations, however, chlorophyllase had 
been demonstrated only in crude preparations such as acetone 
powders and pastes and only in reaction mixtures containing a 
high proportion of organic solvents. Holden (5) recently suc- 
ceeded in extracting some sugar beet chlorophyllase with citrate 
and achieved further purification by acetone precipitation. We 
have partially purified the enzyme from etiolated rye chloro- 
plasts, and determined some of its properties in an aqueous assay 
system. 


EXPERIMENTAL PROCEDURE 


Source of Enzyme—In agreement with previous reports we 
found chlorophyllase activity in Ailanthus, parsley, stinging 
nettle, and dandelion leaves. Barley and oat seedlings grown 
in the laboratory were very poor sources, but etiolated rye seed- 
lings (Detra-Petkus variety of winter rye!) grown for 7 to 8 days 
proved superior in specific activity to other plants tested and 
were adopted as starting material. A preparation with good 
activity was also obtained from Euglena gracilis. 

Assay Procedure—Three assay procedures were employed in 
this study, depending on the nature of the substrate and the 
stage of purification of the enzyme. In the course of screening 
various sources for chlorophyllase, the method of Weast and 
Mackinney (6) was employed. In this method, a weighed 
amount (10 to 20 mg) of leaf acetone powder is freed of chloro- 
phyll and then incubated for various periods (3 to 18 hours) in 
66% aqueous acetone containing a known amount of substrate. 
At the conclusion of the hydrolysis, the suspension is filtered, 
shaken with an equal volume of petroleum ether, and degree of 
hydrolysis determined from the optical densities of the acetone 
(hydrolyzed) and petroleum ether (unhydrolyzed) layers. 

The assay procedure devised by us is also based on that of 
Weast and Mackinney, but with the significant difference that 
the reaction takes place in an entirely aqueous medium. This 
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1 Seeds were purchased from Frank S. Platt Seed Company, 
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method may be used even though the enzyme is present in an 
insoluble form as was the case in the early steps of purification, 
An ether solution of the substrate (pheophytin or chlorophyl) 
was added to 0.08 m potassium phosphate buffer, pH 7.5, which 
was 0.2% with respect to the detergent Triton X-100. Although 
the residual ether could be removed under reduced pressure, the 
presence of 2% ether did not influence the reaction. A typical 
reaction mixture consisted of 30 to 50 wg of, or approximately 
0.4 um, substrate, 0.1 ml of enzyme solution or an equivalent 
amount of acetone powder, and 0.2% Triton-phosphate buffer to 
make 1.0 ml. The reaction mixture was incubated at 30° in 
12-ml graduated centrifuge tubes. The tubes were protected 
from light when light-sensitive substrates were used, and agi- 
tated whenever acetone powder was assayed. 

At the conclusion of hydrolysis, 2 ml of acetone and 3 ml of 
petroleum ether (b.p. 60-90°) were quickly pipetted into the 
tubes which were then stoppered, shaken, and cleared by cen- 
trifugation. The unhydrolyzed substrate was removed into 
the petroleum ether layer, whereas the hydrolyzed portion re- 
mained in the aqueous acetone. The volumes of the two layers 
were recorded (usually 3.9 and 1.9 ml, respectively), the layers 
separated, and their optical densities at the A max of the substrate 
(pheophytin a, 667 mu; pheophytin b, 655 my) determined in a 
Beckman model DU spectrophotometer. For the calculation of 
pheophytin a concentrations, the specific absorption coefficients 
employed were: acetone 54.2, petroleum ether 63.6 liters per g 
em. These values were determined experimentally. Parallel 
samples without added enzyme were carried through all steps to 
determine the extent of spontaneous hydrolysis and loss of 
substrate by decomposition in the course of the reaction. En- 
zyme activity may be expressed either in terms of disappearance 
of substrate or appearance of product. The agreement between 
these two modes of expression was quite close (Table I). 

Chlorobium chlorophyll and bacteriochlorophyll are not 
soluble in petroleum ether and the above assays cannot, there- 
fore, be applied to their hydrolysis by chlorophyllase. The 
reaction with these substrates was carried out as before, but at 
the conclusion all pigment was extracted into 6 ml of ether. 
The ether was then shaken with 0.02 n KOH which removed the 
liberated chlorophyllides. The degree of hydrolysis can then be 
determined by comparing the optical density of the ether solu- 


tion with that of an identical sample carried through the same 


procedure without the addition of enzyme. This assay is not 
as satisfactory as the acetone-petroleum ether partition because 
a small amount of pigment cannot be extracted by ether from 
the detergent-containing reaction mixture. For this reason, 
the ether-KOH method was used only to confirm qualitatively 
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TaBLe I 
Assay of solubilized chlorophyllase in aqueous medium 


Assay mixture consisted of 0.5 ml of substrate containing 39.5 
ug of pheophytin a in 0.08 m phosphate buffer, pH 7.5, and 0.4% 
Triton X-100, 0.4 ml of the same phosphate buffer, and 0.1 ml of 
soluble enzyme preparation diluted 1:10 with distilled water. 
After incubation at 30°, to each sample were added 2 ml of acetone 
and 3 ml of petroleum ether (b.p. 60-90°), the tubes were shaken, 
cleared by centrifugation for 2 minutes, volumes of the two phases 
recorded, and their optical densities determined in a Beckman 
model DU spectrophotometer. Degree of hydrolysis was deter- 
mined by decrease in O.D. at the petroleum ether phase (disap- 
pearance of substrate) and increase in O.D. of the aqueous acetone 
phase (appearance of product). 


Pheophytin hydrolyzed* 


Incubation time 


Based on disappearance | Based on appearance 


of substrate of product 
ug 

10 min 1.45 1.25 
2 hrs 11.5 14.3 
5 hrs 25.7 25.6 
10 hrs | 32.5 32.0 
24 hrs 33.0 32.7 


* Values are averages from duplicate samples. 


the presence of chlorophyllase activity against the two chloro- 
phylls of bacterial origin. Protein content was determined by 
the method of Lowry et al. (7) 

Preparation of Substrates —Chlorophyll a and pheophytin a 
as well as bacteriochlorophyll were prepared by sugar column 
chromatography according to Smith and Benitez (8). Chloro- 
bium chlorophyll “650” was prepared by the method of Conti 
and Vishniac (9) .? 

Reagents—Acetone, petroleum ether, and ether were redistilled 
in the laboratory. 


RESULTS 


Fractionation of Rye Extracts and Solubilization of Enzyme— 
The purification of chlorophyllase was worked out with etiolated 
rye seedlings as starting material. The very small amount of 
chlorophyll present in chloroplasts grown in the dark was 
completely removed in the course of enzyme purification. 

I. Preparation of Particulate Cell Fraction—Rye seedlings were 
grown for 7 to 8 days at 24° in the dark with daily tap water 
subirrigation. Chilled, etiolated leaves and stems, 400 g, were 
ground in a Waring Blendor in 500 ml of 0.35 Mm NaCl. The pulp 
was strained through several layers of cheese cloth and centri- 
fuged at 500 x g for 3 minutes to remove debris. The super- 
natant fluid was then spun at 20,000 x g for 20 minutes. The 
sediment contained all larger particulate cell components and, 
because of the great variability in size of etiolated chloroplast, no 
further separation was attempted. 

II. Solubilization of Chlorophyllase—The particulate residue 
from the 20,000 x g centrifugation was suspended in 50 ml of 
10% i-butanol in a microblender and blended for 2 minutes. 
The slurry was centrifuged at 10,000 x g for 15 minutes, and 


We wish to thank Dr. Sam Conti of Brookhaven National 
Laboratory for generously supplying lyophilized Chromatium and 
Chlorobium cells. 
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TaBLe ITI 
Procedure for solubilization of rye chlorophyllase 


Fractions I and II were assayed as acetone powders. Fraction 
III was assayed both as acetone powder and in soluble form. 
Assay conditions were the same as in Table I. 


Step | Preparation Volume | Protein Snecifc, Recovery 
| 
| ml mg % 
I | Chloroplast suspension 100 | 875 *2.2| 100 
II | SDC extract of butanol-| 24 72 11 41 
| treated chloroplasts 
III | Buffer extract of am- 
| monium sulfate pre- 
| cipitate 
a. Acetone powder 3 0.5 | 390 19 
| b. Soluble form 3 | 0.5 | 1090 28 


* ug of pheophytin a hydrolyzed per hour per mg of protein. 
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SUBSTRATE CONCENTRATION, M x 1075 


Fig. 1. Effect of substrate concentration on reaction rate. 
Assay conditions as described in Table I except for concentration 
of pheophytin a. Incubation was for 1 hour. 


the supernatant fluid was discarded. Although butanol alone 
did not solubilize chlorophyllase activity, this step was essential 
in the procedure. The rubbery pellet was next suspended in 30 
ml of 1% SDC in the microblender, stored at 0° for 30 minutes, 
and centrifuged at 20,000 x g for 20 minutes. The supernatant 
fluid from this centrifugation was a highly active preparation 
but more enzyme could be liberated by repeated SDC extraction. 
As a rule, three such extractions were made with 30, 20, and 20 
ml of 1% SDC, and these extracts were pooled. 

III. Ammonium Sulfate Precipitation—The milky SDC extract 
was made 30% saturated with respect to ammonium sulfate. 
After 30 minutes at 0°, the precipitate was collected by centrifu- 
gation and washed with an ammonium sulfate solution of 
the same strength. The residue was extracted three times with 


3 The abbreviations used are: SDC, sodium deoxycholate; DFP, 
diisopropyl fluorophosphate. 
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HOURS OF INCUBATION 
Fig. 2. Time course of hydrolysis and equilibrium point. As- 
say conditions as described in Table I. Amount of pheophytin 
a in each sample was 39.5 ug. At equilibrium, 85.9% of substrate 
was hydrolyzed. 
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ENZYME CONC: (ug PROTEIN) 


Fia. 3. Effect of enzyme concentration. Assay conditions as 
described in Table I. Amount of pheophytin a was 38.5 ug per 
sample. Incubation was for 1 hour. 


2 ml portions of phosphate buffer (0.1 m, pH 7.5). The final 
preparation was a clear, yellow solution with a specific chloro- 
phyllase activity 500-fold greater than that of the original pulp. 
It could be frozen and thawed repeatedly as well as stored in the 
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frozen state for several months without significant loss of ac- 
tivity. The formation of a SDC-protein complex was suggested 
by the formation of a clear gel when the preparation was cooled 
to 0°. Dialysis against water resulted in a precipitate and loss 
of activity, whereas dialysis against 0.04% SDC did not affect 
the soluble enzyme (summarized in Table II). 

Effect of pH—Within the pH range of 6 to 8, the activity of 
the enzyme remained constant. Below pH 6, the activity fell 
off rapidly. 

Influence of Substrate Concentration—The effect of pheophytin 
a concentration on the velocity of hydrolysis is shown in Fig. 1. 
A Michaelis-Menten constant of 1.5 < 10-5 was obtained and 
confirmed by a Lineweaver-Burk plot. 

Time Course of Hydrolysis—In Fig. 2, the progress of hydrolysis 
of pheophytin a with time is plotted. It may be noted that the 
equilibrium point of 85% hydrolysis is approached after 10 
hours of incubation with only slight further hydrolysis taking 
place in the ensuing 38 hours. The position of the equilibrium 
point of 85 % hydrolysis was confirmed by other long term experi- 
ments. 

Effect of Enzyme Concentration on Reaction Rate.—Data 
presented in Fig. 3 indicate that within the range tested the re- 
action obeys first order kinetics with respect to enzyme. 

Effect of Inhibitors—In Table III, the action of several in- 
hibitors on chlorophyllase is presented. Particularly note- 
worthy is the absence of any DFP inhibition. The other data 
point to the presence of a sulfhydryl group necessary for chloro- 
phyllase action. 

Specificity—Qualitative tests were performed to check the 
effectiveness of rye chlorophyllase against several substrates 
other than pheophytin a on which the bulk of the work here 
reported was done. Pheophytin 6, chlorophyl a, bacterio- 
chlorophyll, and chlorobium chlorophyll were all hydrolyzed. 

Reversibility—Although Wilstatter, in his original description 
of chlorophyllase, reported that the hydrolysis reaction was 
reversible, no subsequent investigation on this aspect of the 
enzyme is available in the literature. Our attempt to reverse the 
reaction in the standard assay mixture was unsuccessful. 


DISCUSSION 


The present investigation confirms the conclusion of Ardao 
and Vennesland (3) that chlorophyllase is intimately tied to a 


III 
Effect of inhibitors on chlorophyllase 
The enzyme was preincubated for 30 minutes with the in- 


hibitors. Incubation with DFP was followed by dialysis against 
0.04% SDC for 24 hours. Assay conditions were the same as in 
Table I. Incubation was for 1 hour. 
Treatment Activity 
% 
p-Chloromercuribenzoate, 5 X 10-4 M.................. 0 
p-Chloromercuribenzoate, 5 X 10°‘ m + GSH, 5 X 
p-Chloromercuribenzoate, 5 X 10-4 m, followed by | 
Sodium ferricyanide, 2X 10°? uw... | 83 
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water-insoluble lipoprotein fraction of chloroplasts (chloro- 
plastin). The formation of a complex between this fraction and 
SDC permits the characterization of chlorophyllase in an 
aqueous medium. The same authors (3) have attributed the 
inactivity of digitonin-solubilized chloroplastin against aqueous 
suspensions of chlorophyll to a lack of contact between enzyme 
and substrate. In our assay procedure, substrates are made 
accessible by the detergent action of Triton X-100. 

The absence of a sharp pH optimum for chlorophyllase action 
may be attributed to protection of enzyme surfaces by the 
SDC forming a complex. It is also possible that the active site 
which is capable of accommodating phytol is generally lipophilic 
and, thus, less subject to variations of pH in the aqueous medium. 
Several seed lipases show similarly weak pH dependence (10). 

The method of preparation and assay reported here permits a 
study of the role that this enzyme plays in the chloroplast. 
Although chlorophyllase is likely to participate in the biosyn- 
thesis of chlorophyll, we have failed to demonstrate esterifica- 
tion with phytol under our conditions. Perhaps the reaction 
could be facilitated by providing a methy] or ethy! chlorophyllide 
instead of the free acid. It would also be important to investi- 
gate whether this enzyme can carry out the phytylation of 
protochlorophyllide. It has been suggested (11) that it is at 
the level of chlorophyllide in the biosynthesis of chlorophyll 
that esterification takes place, although there is evidence for 
the existence of phytilated protochlorophyll as well (12). 

Butler (13) has suggested that chlorophyllase may play a 
major role in the synthesis of chloroplast lamellas, and it will, 
therefore, be important to determine the localization of the 
enzyme in the developing chloroplast. The presence of chloro- 
phyllase in a tightly bound insoluble form in etiolated plastids 
would suggest its association with rudimentary lamellas or 
crystalline centers (14) as well as with the “grana’” which 
develop in the light. Such studies might be carried out with 
mutants defective in chloroplast structure. Finally, it would 
be of interest to determine the sequence of events in plastid 
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senescence. Does the release and hydrolysis of chlorophyll 
precede the breakdown of the lamellas, or is it the breakdown 
that makes chlorophyll accessible to chlorophyllase? 


SUMMARY 


A procedure is described for the 500-fold purification of chloro- 
phyllase from etiolated rye seedlings. Evidence is presented 
that the final preparation is a lipoprotein-sodium deoxycholate 
complex. An assay procedure with an aqueous medium is 
presented. p-Chloromercuribenzoate and ferricyanide inhibit 
the enzyme, whereas iodoacetamide and diisopropy] fluorophos- 
phate do not, at the concentrations tested. The possible role 
of the enzyme in the biosynthesis and breakdown of chlorophyll 
and in the formation of lamellas of the chloroplast is discussed. 
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Numerous investigations at the subcellular level have stressed 
functional differences between reduced diphosphopyridine nu- 
cleotide and reduced triphosphopyridine nucleotide in biological 
reactions. The metabolism of the reductive hydrogen of DPNH 
has also been studied in the intact cell (2-5). This was accom- 
plished by use of glycerol-2-H® and lactate-2-H® as substrates for 
the physiological generation of DPNH*. To date no com- 
parative investigation of the roles of DPNH and TPNH in 
intracellular reductive reactions has been reported. By use of 
intermolecularly labeled glucose (glucose-1-H*,C™ and glucose- 
6-H? ,C), it is demonstrated that glucose-1-H* can be used for 
the study of TPNH metabolism within the cell. A comparison 
of the metabolism of intracellularly generated DPNH®* and 
TPNH is the subject of the present report. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 

Labeled Compounds—Glucose-1-C™“, glucose-1-H°, glucose-6- 
pi-sodium lactate-2-H*, and glycerol-2-H*® were purchased 
from commercial sources. Glucose-6-H* was obtained from the 
National Bureau of Standards. Glucose intermolecularly la- 
beled with H’ and C" was prepared by mixing the singly labeled 
compounds in such a way that the H® disintegrations per minute 
were approximately 5 times those of the C™. 

Male Sprague-Dawley rats fed Purina chow and weighing 150 
to 300 g were used in these experiments. The animals were 
killed by cervical fracture and liver slices prepared with a Stadie- 
Riggs microtome. One gram of slices was placed in a 50-ml 
Erlenmeyer flask containing 5 ml of the buffer described by 
Hastings et al. (6) as most favorable for glycogen synthesis. In 
each experiment comparisons were made with slices from the 
same liver, and the contents of each flask were made identical 
by the addition of unlabeled substrate as indicated in the tables. 
The flasks were gassed with 95% 02:5% COs, stoppered with 
rubber serum caps, and incubated for varying intervals at 37°. 
At the end of the incubation period, the reaction was stopped by 
acidification with sulfuric acid. The tissue slices were removed 
from the flask, placed in 30% KOH, and digested for 3 hours in a 
boiling water bath. Glycogen was isolated by the method of 
Stetten and Boxer (7). The combined supernatant and wash- 
ings from the glycogen isolation were extracted with two 100-ml 
volumes of petroleum ether and, after evaporation, cholesterol 
digitonide was prepared by the method of Sperry and Webb (8). 
After extraction of the nonsaponifiable lipid, the water-ethanol 
solution was acidified and fatty acids were isolated as described 
by Siperstein and Fagan (9). Water was obtained from the 
incubation mixture by double lyophilization (3). 


* A preliminary report of this work has appeared (1). 


Assay of Radioactivity—Aliquots of the products were prepared 
for assay as previously described (3) except that the cholesterol 
digitonide was dissolved in 1.2 ml of methanol and 1 ml added to 
10 ml of the toluene-2,5-diphenyloxazole-1 ,4-di[2-(5-phenyl- 
oxazolyl)] benzene solution for counting. All samples were 
assayed in a Packard Tri-Carb liquid scintillation counter. 
Tritium and C™ were counted simultaneously according to the 
discriminator ratio method of Okita et al. (10). Correction for 
the differential quenching effects of the individual solvent sys- 
tems was obtained by use of standard H® and C™ solutions. A 
control flask without tissue was processed simultaneously. No 
activity was detectable in the products with the exception of the 
water fraction, where appropriate corrections were applied in 
calculating the per cent of radiochemical yield. The probable 
error in sample counting was maintained below 3% except for 
the cholesterol determinations in the glycerol flasks of Table IV, 
where the probable error was 10%. 


RESULTS AND DISCUSSION 


It is generally accepted that DPNH® can be generated from 
lactate-2-H? and glycerol-2-H* when these substrates are metab- 
olized in the intact cell. Similarly, TPNH?* can be produced 
from glucose-1-H*. Both glycerol and lactate enter metabolic 
pathways only after transfer of the carbon 2 hydrogen to DPN 
(11, 


H 
HC—OH 
we—on ——ATP__, 
glycerokinase 
HC—OH 
H 
Glycerol-2-H? 
H 
HC—OH 
| glycerophosphate 
H*C—OH + DPN* (1) 
| dehydrogenase 
HC—OPO; 
H 
L-a-Glycerophosphate 
H 
C=O + DPNH? +$H* 
| 
HC—OPO;z 
H 


Dihydroxyacetone phosphate 


1 The pathway from glycerol to the glyceryl moiety of neutral 
fat and phospholipid is not of concern in this study. 
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H 
HCH lactic acid 
| dehydrogenase 
Lactic acid-2-H* (2) 
H 
HCH 
bo + DPNH? + Ht 


Pyruvic acid 


Consequently the distribution of tritium in various products 
such as water, fatty acids, and cholesterol after incubation of 
tissue slices with glycerol-2-H® and lactate-2-H? will reflect the 
metabolism of DPNH within the cell. With glucose-1-H® as 
substrate, however, the recovery of tritium in these products 
cannot be assumed to represent the metabolism of intracellularly 
generated TPNH, since glucose is metabolized over the Embden- 
Meyerhof as well as the phosphogluconate oxidative pathways. 
Although glucose utilizing the oxidative pathway does give rise 
to TPNH, 


glucose-6-PO, dehydrogenase 
TENTS 
| 
O 


Glucose-1-H?,6-PO, 


oO 
+ TPNH? + Ht 
O 
6-phosphogluconolactone 


tritium can also reach fatty acid and cholesterol attached to 
carbon via the glycolytic cycle. An evaluation of the amount 
of tritium reaching lipid end products attached to carbon was 
thus required. 

Glucose Experiments—The incorporation of H* and C™ from 
glucose-1-H?,C™ and glucose-6-H?,C™“ into water, fatty acid, 
cholesterol, and glycogen in two typical experiments is shown in 
Table I. The results are calculated as the percentage of initial 
total counts of each isotope recovered in the products. It is 
apparent that the incorporation of H® into fatty acids and cho- 
lesterol was greater than the incorporation of C'* when glucose-1- 
H? ,C' was used as substrate. Since the ratio of H? to C™ could 
not exceed unity if tritium reached these products only by at- 
tachment to carbon, the recorded data (H?:C™ ratios of 6 to 7 
for fatty acid and 1.5 to 3 for cholesterol) demonstrate tritium 
participation in lipid synthesis independent of carbon linkage, 
reasonably via TPNH? generated in the glucose-6-PO, dehydro- 
genase reaction. 

In contrast, when glucose-6-H?,C™ was substrate, the incor- 
poration of H* into fatty acids and cholesterol was much less 
than the incorporation of C™, resulting in H*:C" ratios of ap- 
proximately 0.1 in these products. Since carbons 1 and 6 of 
glucose metabolized in the Embden-Meyerhof pathway are con- 
sidered to become equivalent at the level of triose phosphate 
(13), the H’:C™ ratios from glucose-6-H?,C™ can be used to 
determine the amount of tritium incorporated into fatty acids 
and cholesterol in association with carbon 1 of glucose. Thus 
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TABLE I 
Metabolism of glucose-1-H*,C'4 and 

One gram of slices was incubated in 5.0 ml of bicarbonate buffer 
containing 50 of glucose for 2 hours. Alternate slices from 
one rat liver were used in the two flasks of each experiment. 
Approximately 10 ue of H® and 2 ue of C4 were present in each 
flask. Position of the label is indicated below. Radiochemical 
yields were calculated per gram of wet weight. 


Radiochemical yield in 
Experiment Isotope 
HOH [Fatty Glycogen 
la Glucose-1-H* 8.8 0.35 0.0095 | 10.9 
Glucose-1-C4 0.048 | 0.0068 | 11.1 
1b Glucose-6-H® 14.2 0.11 0.024 13.7 
Glucose-6-C™4 1.22 0.13 14.2 
2a Glucose-1-H? 8.4 0.28 0.0089 | 11.2 
Glucose-1-C™ 0.044 | 0.0031 11.8 
2b Glucose-6-H? 13.8 0.073 | 0.017 12.0 
Glucose-6-C!4 0.83 0.15 13.5 


the amount of tritium reaching fatty acids and cholesterol from 
glucose-1-H*® attached to carbon is 10% of the radiochemical 
yield of C™ from glucose-1-C", e.g. in Experiment la only 1.5% 
of the tritium incorporated into fatty acids was transferred 
bound to carbon. It is evident, therefore, that the tritium re- 
covered in lipid from glucose-1-H® arises primarily from TPN H® 
and can be used to evaluate TPNH metabolism within the cell. 

It will be noted that the H*:C" ratios found in glycogen ap- 
proximated 1, in accord with glycogen formation from intact 
glucose molecules. The recovery of both H* and C" in glycogen 
tended to be greater from 6-labeled glucose than from the 1-la- 
beled compound. Similar results with C'-labeled glucose have 
been reported (14). Tritium incorporation into water was 
higher from glucose-6-H® than from glucose-1-H*. The explana- 
tion for this finding is uncertain. 

Glycerol-2-H®-Generated DPNH?* and Glucose-1-H*-Generated 
TPNH*—The results of three experiments with glycerol-2-H® 
and glucose-1-H® as substrates are recorded in Table II. Be- 
cause of the rapid metabolism of glycerol by rat liver slices, the 
incubation period for the glycerol experiments was 20 minutes, 
compared to 1 hour for glucose. Preliminary experiments 
showed qualitatively identical results whether the 20-minute 
glycerol flasks were compared with glucose flasks incubated for 
20, 60, or 120 minutes. 

In all experiments by far the greatest portion of isotope re- 
covered in the products from both glycerol-2-H*® and glucose- 
1-H? was present as water. The per cent of recovery of tritium 
in water, fatty acid, and cholesterol was greater from glycerol- 
2-H’ at 20 minutes than from glucose at 1 hour. Direct com- 
parison of the metabolism of DPNH* and TPNH? based on 
radiochemical yields is precluded, however, because of differences 
in the rates of utilization of the two substrates, intracellular 
dilution, and other factors. For this reason the radiochemical 
yields recorded in Table II have been divided by the radiochem- 
ical yield in water for each experiment (Table IIT). The result- 
ing ratio is a measure of the relative distribution of tritium from 
reduced pyridine nucleotide into water, fatty acid, and choles- 
terol. It can be seen that, relative to water, TPNH (glucose- 
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II 
Metabolism of glucose-1-H* and glycerol-2-H# 

Liver slices and buffer were as described in Table I. Each 
flask contained 50 uwmoles of glucose and 0.05 umole of glycerol. 
Approximately 10 uc of H? were present when glucose was the 
labeled substrate and 25 we of H* when glycerol was labeled. 
Glucose flasks were incubated for 1 hour, glycerol flasks for 20 
minutes. Radiochemical yields were calculated per gram, wet 
weight, for the indicated incubation. 


Radiochemical yields from 


Glucose-1-H? Glycerol-2-H? 
| HOH | Fatty acid | Cholesterol | HOH | Fatty acid | Cholesterol 
% % 
3 5.4 | 0.024 | 0.0065 | 62 | 0.049 | 0.033 
4 6.5 | 0.066 | 0.0050 | 51 | 0.080 | 0.015 
5 5.0 0.026 | 0.0064 | 55 | 0.034 | 0.030 
TaB_e III 


Tritium incorporation from glucose-1-H* and glycerol-2-H* into 
fatty acid and cholesterol relative to water 
The per cent of radiochemical yields of H? in fatty acid and 
cholesterol recorded in Table II has been divided by the per cent 
of radiochemical yields of H? in water for each experiment. 


Ratio of radiochemical yields from 


| 
| Glucose-1-H? Glycerol-2-H? 
| HOH | Fatty acid | Cholesterol | HOH | Fatty acid | Cholesterol 
x 10-3 x10 
. 3 4.4 1.2 1 0.79 | 0.53 
4 | 1 10 0.77 1 1.6 0.29 
5 | 1 5.2 | 1.3 1 0.62 | 0.55 


1-H?) is a better source of reductive hydrogens for fatty acid and 
cholesterol synthesis than is DPNH (glycerol-2-H?). In eight 
experiments the tritium recoveries in fatty acid were 6 to 24 
times greater from TPNH than from DPNH, whereas for choles- 
terol the range was 2 to 4 times greater. In five rats similar 
studies were performed with lactate-2-H* as substrate for the 
generation of DPNH?*. In these experiments TPNH was utilized 
7 to 15 times more efficiently for fatty acid synthesis and 1 to 2 
times more efficiently for cholesterol synthesis, relative to water, 
than was DPNH. These differences cannot be due to exchange 
of tritium between DPNH® and water (15) as shown by studies 
with glycerol, lactate, and water alternately labeled with tritium 
(3). Rather, the differences represent minimal values since 
glucose-1-H* contributes tritium to water not only by oxidation 
of TPNH, but by labilization in the Embden-Meyerhof pathway 
as well. The finding that TPNH is the preferred reducing source 
for lipid synthesis in the intact cell is in accord with recent studies 
of fatty acid (16, 17) and cholesterol (18-21) synthesis in sub- 
cellular systems. 

Effect of Substrate Glycerol on Glucose-1-H*,C'* Metabolism— 
Whereas TPNH? was more effectively utilized for fatty acid 
and cholesterol synthesis than was DPNH‘, the latter did serve 
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as a source of hydrogens for lipid synthesis. Such utilization of 
DPNH! could be direct or indirect. Direct participation would 
require reductive reactions with no pyridine nucleotide specificity 
or at least one site specific for DPNH. On the other hand, in- 
direct participation might occur if an active transhydrogenase 
system were present. In Table IV three experiments are shown 
in which glucose-1-H*,C'* was incubated with slices in the pres- 
ence and absence of 50 wmoles of nonisotopic glycerol. This 
quantity of glycerol depressed the incorporation of both H? and 
C" into fatty acid and cholesterol. Tritium incorporation was 
decreased to a greater extent than was C™, resulting in a striking 
fall in the H*:C" ratios. This fall in ratios is most simply ex- 
plained by assuming rapid generation of nonlabeled DPNH from 
glycerol, which, by equilibration with the generated TPNH?, 
effectively lowers the specific activity of the latter. Such 
equilibration would require a transhydrogenase system. In the 
event that DPNH does contribute to lipid synthesis primarily 
by transhydrogenation, as seems likely, the transhydrogenase 
system would appear to be more closely coupled to cholesterol 
than fatty acid synthesis, since the relative yields of choles- 
terol-H? from DPNH® and more nearly approximated 
each other than did similar yields of fatty acid-H* (Table III). 

Finally, it should be noted that, although emphasis has been 
placed on the preferential role of TPNH in lipid synthesis rela- 
tive to water, it is equally true that DPNH is the preferred 
source of hydrogens for water formation relative to lipid synthe- 
sis. As a first approximation, the yield of tritium in water can 
be considered to represent the oxidation of pyridine nucleotide 
by the mitochondrial respiratory chain. In this regard it is of 
interest that Kaplan et al. (22), from their studies on pyridine 
nucleotide oxidation by isolated rat liver mitochondria, have 
suggested that DPNH serves primarily in the cell as a source of 
energy production through oxidation by the electron transport 
chain, and that TPNH is the primary source of hydrogens for 
reductive biosynthesis. 


TaBLe IV 
Metabolism of glucose-1-H*,C'4 in presence and absence of substrate 
amounts of glycerol 
Conditions as described for Table I except that 50 uwmoles of 
nonisotopic glycerol were added to one flask but not the other of 
each experiment. Incubation time was 2 hours. 


Radiochemical yield in 
Experiment} Glycerol | Glucose-1- 
HOH Fatty acid Cholesterol 
pmoles % 
6a 0 H? 13.9 0.74 0.031 
cu 0.13 0.011 
6b 50 H? 7.0 0.011 0.00025 
Cu 0.026 0.00021 
7a 0 H?® MZ 0.32 0.0065 
0.071 0.0019 
7b 50 H® 6.5 0.0054 0.000075 
Cu 0.026 0.00016 
8a 0 H3 0.35 0.0067 
cu 0.069 0.0021 
8b 50 H® 8.0 0.0086 0.00004 
cu 0.018 0.00013 
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SUMMARY 


A comparison of the metabolism of reduced tritiated triphos- 
phopyridine nucleotide and reduced tritiated diphosphopyridine 
nucleotide, generated within the intact cell, has been presented. 
In accord with studies at the subcellular level, reduced tritiated 
triphosphopyridine nucleotide was preferentially utilized in fatty 


- acid and cholesterol synthesis, whereas reduced tritiated di- 


phosphopyridine nucleotide was a better source of hydrogens for 


water formation. 


Addendum—Recently, Lowenstein (23) has measured the in- 
corporation of tritium from lactate-2-H* and glucose-1-H* into 
fatty acids in rat liver slices. Under the conditions of his experi- 
ments lactate-2-H* was more effectively utilized for fatty acid 
synthesis than was glucose-1-H*. For reasons discussed in the 
text, a comparison of DPNH and TPNH metabolism based 
solely on radiochemical yields is inadequate and may prove mis- 
leading. 
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We have previously reported (1) that myo-inositol deficiency 
in yeast results in a marked alteration of the chemical composi- 
tion of the cell wall, as a consequence of which cell division is 
inhibited. The main change observed in those studies involved 
the polysaccharide fraction of the cell walls and it was inferred 
that inositol! deficiency interferes with the normal biosynthesis 
of cell wall polysaccharides. Since inositol is required for the 
maintenance and multiplication of mammalian cells grown in 
vitro (2), and since the cell walls of mammalian cells do not 
contain the polysaccharides found in yeast cell walls, it would 
appear that inositol may exhibit different functions in mammalian 
cells from those observed in yeast. 

The present report deals with the effects of inositol deficiency 
on the metabolism of nucleic acids of mammalian cells in tissue 
culture. It has been found that inositol deficiency causes a 
marked decrease of the acid-soluble nucleotides and the ribo- 
nucleic acid of the cells, as well as a significant decrease of the 
rate of incorporation of radioactive carbon of glucose’ into the 
guanine of ribonucleic acid. The amount and the specific 
activity (c.p.m. per umole) of the acid-soluble nucleotides, the 
ribonucleic acid bases, and the deoxyribonucleic acid bases have 
been determined at various periods with cells grown with and 
without inositol. 


EXPERIMENTAL PROCEDURE 


Growth Medium and Culture Conditions—The cells used in the 
present studies were the progeny of an inositol-requiring KB 
strain originally obtained from Dr. H. Eagle of the National 
Institutes of Health. It has been mairitained in our laboratory 
for 18 months as monolayer cultures adherent to glass and as 
suspension cultures. In all of the experiments described in the 
present paper, the cells were grown as suspension cultures in 
spinner flasks with the use of Eagle’s medium (3) with the fol- 
lowing modifications. The concentration of glucose, glutamine, 
and vitamins was twice that used by Eagle. The medium was 
supplemented with 10% dialyzed horse serum and was replaced 
every 3days. The cell density was maintained between 1 x 105 
and 3 X 10° cells per ml. The deficient medium was of a simi- 
lar composition but without added inositol. 

Materials—Horse serum was obtained from Cappel Labora- 
tories, Inc., and was dialyzed for 24 hours‘ against 20 volumes 
of a 0.68% solution of NaCl at 4°. During this time the saline 
solution was changed four times. Glucose-C", uniformly 


* Supported by Grant P-176(B) of the American Cancer Society, 
and Grant C-2228(C6) of the National Institutes of Health. 
'! In this paper the term inositol is used to indicate myo-inositol. 


labeled, was obtained from Volk Radio-Chemical Company. 
Its specific activity was 3.7 x 10’ ¢.p.m. per mg of glucose. 
Enough radioactive glucose was added to the culture medium 
so that the resulting specific activity of glucose was 9 X 10 
¢.p.m. per umole. t-Amino acids were obtained from Mann 
Research Laboratories, Inc., and the vitamins from Nutritional 
Biochemicals Corporation. All other materials were com- 
mercially available products of reagent grade. The spinner 
flasks were purchased from Bellco Glass, Inc. 

Cell Morphology and Vital Staining—Cells were examined 
by phase microscopy for gross cytological alterations, with a 
Spencer model X2TV-HBW microscope. Cell counts were 
performed with a Levy counting chamber. Trypan blue was 
used as a vital stain to detect damaged and nonviable cells (4) 
which stain blue in contrast to normal cells which remain color- 
less. 

Sterility Tests—All cultures were routinely tested for bacterial 
contamination by subculturing in fluid thioglycolate medium 
obtained from Difco Laboratories. The absence of pleuro- 
pneumonia-like organisms from our cultures was confirmed by 
monthly tests. 

Procedure for Estimation of RNA, DNA, and Protein—For 
the separation of the RNA, DNA, and protein of the cells, the 
method of Ogur et al. (5) was used. The amount of RNA was 
estimated by the orcinol method for pentose (6) and the results 
expressed as ““RNA pentose” with pure adenosine 5’-phosphate 
as standard. DNA was estimated by Burton’s diphenylamine 
method (7) with, as reference standard, the Na salt of herring 
sperm DNA of 84% purity (based on phosphorus content of 
7.7%). The values were corrected to 100% purity. . 

The residue remaining after removal of the nucleic acids con- 
tained the protein and this was estimated spectrophotometrically 
(1) with crystalline bovine albumin as reference standard. 

Isolation and Estimation of Bases Derived from RNA, DNA, 
and Acid-Soluble Nucleotides—The cells were treated with cold 
trichloroacetic acid to give the trichloroacetic acid-soluble frac- 
tion containing the nucleotides and the trichloroacetic acid- 
insoluble material containing the nucleic acids and proteins (8). 
The nucleotides were adsorbed on a column of Dowex 1-X10 
resin and, after elution with 0.1 n HCl (9), they were hydrolyzed 
to purine bases and pyrimidine nucleoside monophosphates (10). 
These were further separated by paper chromatography. 

After removing the lipids from the trichloroacetic acid-insolu- 
ble material, the RNA was extracted by a method similar to 
that of Davidson and Smellie (11), except that HCl was used 
to neutralize the alkaline digest and trichloroacetic acid was 
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added to a final concentration of 0.15 m. The resulting RNA 
nucleotides were separated from the precipitated DNA and 
protein by centrifugation and were isolated by the Norit method 
of Tsuboi and Price (12). They were then hydrolyzed to the 
free bases (13) and separated by paper chromatography. The 
DNA was extracted from the protein with hot trichloroacetic 
acid (5) and the resulting nucleotides were hydrolyzed to the 
free bases (13) and separated by paper chromatography. 

Paper Chromatography and Spectrophotometry—Descending 
paper chromatography was carried out with isopropanol: 
HCl: (65:16:19) assolvent. Standard reference compounds 
were chromatographed at the same time and the ultraviolet- 
absorbing spots were cut out and extracted with 0.1 Nn HCl for 
16 hours at 35°. Recovery of the extracted compounds was 
better than 95%. The eluted substances were further identified 
by comparing their spectral properties with those of the eluted 
standard reference compounds (14). 

Counting of Radioactive Samples—The samples were plated in 
stainless steel planchets at infinite thinness and were counted 
in a windowless gas counter. The over-all counting error was 
less than 5%. 


RESULTS 


Growth and Viability—When inositol was present in the me- 
dium, cell multiplication was maintained at an exponential 
rate with a doubling time of 35 hours and the viability, as 
measured by the vital staining method, was greater than 95%. 
In the absence of inositol, the rate of multiplication decreased 
constantly until it became zero between the fourth and the 
fifth day (Fig. 1). The viability of the cells began to drop from 
the first day of inositol deficiency and continued to drop steadily 
until it became 46% on the fifth day. In order to maintain 
the cells for longer periods of time, it was necessary to add, on 
the fifth day, 0.3 wg of inositol per ml of culture medium at a 
cell density of 2 105 cells per ml. This addition of inositol 
can be repeated 1 week later without causing an increase of the 
cell population. 

Cell Content of Acid-Soluble Nucleotides, RNA, DNA, and 
Protein—One of the most impressive effects of inositol deficiency 
is the decrease of the acid-soluble nucleotides and the RNA of 
the cells. The acid-soluble fraction of the KB cells contains 
nucleotides of adenine, guanine, and uracil. Of these, the 
adenine nucleotides comprise the highest proportion followed by 
the uracil nucleotides with a concentration 56% of that of the 
adenine nucleotides. The amount of guanine nucleotides is 
very small indeed, being 20% of the amount of the adenine 
nucleotides. It was not possible to detect any acid-soluble 
cytosine nucleotides even though the number of cells analyzed 
was 10 times greater than that used in the analyses for guanine 
nucleotides. Fig. 2 illustrates the early and progressive de- 
crease of the acid-soluble nucleotides caused by inositol de- 
ficiency. It is seen that the concentration of all three nucleo- 
tides of the deficient cells dropped to 25% of that of the normal 
cells. 

Concomitant with these changes of the acid-soluble nucleo- 
tides, there occurs a decrease of the RNA content of the inositol- 
deficient cells. This is illustrated in Fig. 3, together with data 
on the DNA content. It is shown that the DNA content of 
the cells was unaffected by inositol deficiency, but the RNA con- 
tent decreased steadily to a level of about 36% of that of normal 
cells. The composition of the RNA was not affected by inositol 
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Fig. 1. Growth curves of KB cells grown with (O——O) and 


without (@ @) inositol. The cell density was maintained 
between 1 X 10° and 3 X 105 cells per ml by removing excess cells 
and adding the appropriate amount of fresh medium. The values 
given in the graph have been corrected for this dilution. 
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Fic. 2. Amount of acid-soluble nucleotides of KB cells. A, 
UMP of cells grown with (A——A) and without (A——A) inosi- 
tol; adenine nucleotides of cells grown with (O——O) and with- 
out (@——®) inositol. B, guanine nucleotides of cells grown 
with (O——O) and without inositol (@——®@). 


deficiency as judged by the base ratios, which were as follows 
in both normal and deficient cells: adenine to guanine = 0.55 + 
0.01; cytosine to uracil = 2.72 + 0.03; adenine + uracil to 
guanine + cytosine = 0.46 + 0.01; adenine + guanine to 
uracil + cytosine = 1.38 + 0.01. The decrease of cellular 
RNA affected equally the cytoplasmic, microsomal, and mito- 
chondrial RNA.? 

The protein content of the cells was not affected by inositol 
deficiency and it varied between 9 and 11.5 ug per wg of DNA 
in both the normal and the deficient cells. 

Incorporation of Uniformly Labeled Glucose-C™ into Proteins 
and Acid-Soluble Nucleotides—In view of the above changes in 
the amount of acid-soluble nucleotides and RNA of the cells 
brought about by inositol deficiency, it was decided to study 
this phenomenon in greater detail. Consequently, experiments 
were set up in which the rate of biosynthesis of cellular com- 
ponents was followed by the rate of incorporation of radioactivity 
from uniformly labeled glucose-C“. In these experiments, KB 


2 Unpublished observations. 
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Fic. 3. Amount of DNA and RNA pentose of KB cells grown 
with (O——O) and without (@——®) inositol. 
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Fic. 4. Specific activity of proteins of KB cells grown with 
(O——O) and without (@——®@) inositol in the presence of uni- 
formly labeled glucose-C". 


cells grown with and without inositol were exposed to radio- 
active glucose, and, at various intervals, samples were removed 
from both cultures and the various chemical constituents were 
isolated and counted according to the methods mentioned 
earlier. During the entire experimental period the specific 
activity of the added glucose was kept constant at 9 x 10 
¢c.p.m. per pmole. 

The ability of normal cells to incorporate glucose-carbon into 
proteins through known biochemical reactions is shown in Fig. 
4. After an initial rapid rate, incorporation of C* into cellular 
proteins proceeded at a slower but constant rate over a period 
of 10 days. In contrast to these findings, cells grown in the 
absence of inositol showed a significant decrease in the rate of 
labeling of their proteins to a level of 60% of the normal rate. 
This effect was manifest as early as the second day of inositol 
deficiency, and, after the sixth day, no further increase in the 
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specific activity of the proteins could be observed. As mentioned 
previously, the protein content of the cells was not affected by 
the absence of inositol. 

The incorporation of radioactive carbon from glucose into the 
acid-soluble nucleotides of the inositol-deficient cells proceeded at 
a rate similar to that of normal cells. This is shown in Fig. 5 
in which the specific activities of UMP, guanine of guanine 
nucleotides, and adenine of adenine nucleotides are recorded 
over a period of 9 days. When the UMP was degraded to 
uracil, the specific activity of the isolated uracil was the same 
in both normal and deficient cells. 

Incorporation of Uniformly Labeled Glucose-C'* into Bases of 
RNA and DNA—The radioactive RNA and DNA were de- 
graded to their corresponding bases (see “Experimental Pro- 
cedure’) and the specific activities of the latter were deter- 
mined. Fig. 6 summarizes the results obtained with the RNA 
bases. It may be seen that inositol deficiency caused a signifi- 
cant decrease in the rate of incorporation of radioactivity from 
glucose into RNA guanine. This effect was obtained as early 
as 2 days after the cells were placed in the inositol-deficient 
medium. No significant differences were observed in the 
specific activities of the other RNA bases. The specific activi- 
ties of the DNA bases are shown in Fig. 7. It may be seen that 
inositol deficiency caused a comparable decrease of the specific 
activities of all of the DNA bases. This is to be expected since, 
in the absence of inositol, cell division is inhibited and the DNA 
content of the cell remains constant throughout the experimental 
period. 


DISCUSSION 


These studies demonstrate that one of the early effects of 
inositol deficiency is the decrease of the amount of acid-soluble 
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Fig. 5. Specific activities of the acid-soluble nucleotides of KB 
cells grown in the presence of uniformly labeled glucose-C". 
Open characters are for cells grown with inositol whereas closed 
characters are for cells grown without inositol. O——O, UMP; 
A——A, guanine of guanine nucleotides; 0——O, adenine of 
adenine nucleotides. 
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nucleotides and the RNA of the cells. In the KB cells, as in 
the t cells (15), the adenine nucleotide pool is the main reservoir 
of purine compounds. It is 75% of the RNA adenine and 5 
times as great as the pool guanine, which is 8.5% of the RNA 
guanine. In contrast to the u cells, the KB cells contain a 
significant pool of uracil nucleotides, the size of which is half 
of that of the adenine pool. As the cells become inositol-de- 
ficient, the size of pool nucleotides begins to decrease until it 
reaches a value one-fourth of the normal value on about the 
fourth day of inositol deficiency. Concomitant with these 
changes, there occurs a decrease of the cellular RNA to a level 
one-third of that of normal cells. Neither the DNA nor the 
protein content of the deficient cells shows any significant change 
from the normal values. 

With uniformly labeled glucose-C™ it was possible to demon- 
strate that the rate of incorporation of C' into the pool nucleo- 
tides was the same in both normal and deficient cells, even though 
the rate of cell multiplication of the deficient cells was con- 
siderably slowed down and was completely inhibited after 4 
days’ culture in the inositol-deficient medium. Similarly, the 
rate of incorporation of radioactivity into the RNA bases of the 
deficient cells proceeded at a normal rate in the cases of RNA 
adenine, cytosine, and uracil. In contrast to these findings, the 
RNA guanine was labeled at a rate half of that obtained with 
normal cells. The rate of labeling of the DNA bases of the 
deficient cells was uniformly decreased and it reflected the de- 
creased rate of cell division. 

The results discussed above indicate that there is a rapid 
turnover of RNA in the inositol-deficient cells, the rate of which 
is approximately one-third of the rate of synthesis of RNA in 
normal cells dividing at an exponential rate. This calculation 
was based on the following two observations: (a) the specific 
activities of the pool nucleotides and the RNA bases (with the 
exception of RNA guanine) were at all times of the same magni- 
tude in both normal and deficient cells; and (6) when cell di- 
vision was arrested as a result of inositol deficiency, the cellular 
RNA decreased to a level one-third of that of normal cells. 

That this RNA turnover is not the result of cell turnover (cell 
multiplication followed by cell destruction) is evident from the 
fact that the specific activities of the DNA bases and of cellular 
proteins of the deficient cells were only a small fraction of those 
of the normal cells. Indeed, during the last 4 days of inositol 
deficiency, the specific activity of the cellular proteins and the 
DNA bases remained almost constant. Furthermore, the extra- 
cellular culture fluid did not contain any nucleic acids or nucleic 
acid precursors. 

The observation that the specific activity of RNA guanine 
of the deficient cells was significantly lower than that of normal 
cells, even though the specific activity of pool guanine was the 
same in both normal and deficient cells, suggests that only a 
small fraction of the guanine pool serves as “precursor pool”’ for 
RNA guanine. Thus the specific activity of this “precursor 
pool guanine” must be significantly lower than that of the entire 
pool guanine, with the result that less C' will be incorporated 
into RNA guanine. This interpretation is further strengthened 
by the observation that the specific activity of the entire pool 
guanine is not decreased by dilution with nonradioactive RNA 
guanine, since RNA guanine would equilibrate only with the 
very small “precursor pool guanine.” Similar conclusions 
were reached by McFall and Magasanik (15) in their studies 
of the incorporation of adenine-8-C™ and guanosine-8-C™ into 
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Fia. 6. Specific activities of the RNA bases of KB cells grown 
in the presence of uniformly labeled glucose-C'*. A, cytosine of 
cells grown with (O——O) and without (@——@®) inositol; uracil 
of cells grown with (A——A) and without (A——A) inositol. 
B, adenine of cells grown with (O——O) and without (@——@) 
inositol; guanine of cells grown with (A——A) and without 
(A—A) inositol. 
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Fic. 7. Specific activities of the DNA bases of KB cells grown 

in the presence of uniformly labeled glucose-C. A, guanine of 

cells grown with (O——O) and without (@——®@) inositol; cyto- 

sine of cells grown with (A——A) and without (A——A) inositol. 

B, adenine of cells grown with (O——O) and without (@——@) 

inositol; thymine of cells grown with (A——A) and without 
(A—-A) inositol. 


pool guanine and nucleic acid guanine of t cells. These authors 
concluded that the guanine pool is, for the most part, not in- 
volved in active metabolism. 

The ability of u cells (15) and Hela cells (16) to interconvert 
adenine and guanine has also been reported. 

Any mechanism by which the effects of inositol deficiency 
could be explained must take into account the three biochemical 
aberrations of nucleic acid metabolism described in the present 
report, namely, a decrease of the acid-soluble nucleotides, a 
decrease of the amount of cellular RNA, and a decrease in the 
rate of incorporation of C™ from glucose-C™ into RNA guanine. 
In view of the discussion presented above, we would like to 
propose as a possible mechanism that inositol deficiency causes 
a decrease of the rate of biosynthesis de novo of acid-soluble 
nucleotides, and, in particular, of pool guanine nucleotides. 
In addition, the conversion of adenine to guanine for incorpora- 
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tion into RNA guanine must be inhibited in the cells grown in 
the absence of inositol, since the difference between the specific 
activities of RNA adenine and RNA guanine was much greater 
in the deficient cells than in the normal cells (Fig. 6). Thus 
the concerted action of these two effects of inositol deficiency 
would lead to a decrease of the cellular RNA and inhibition of 
cell multiplication. 

The present finding that inositol in some way affects the bio- 
synthesis of nucleotides, and especially of guanine nucleotides, 
could explain the observations of Ghosh et al. (1) that inositol 
is necessary for the normal biosynthesis of mannan and glucan. 
The participation of nucleotides in the biosynthesis of poly- 
saccharides such as glucan, glycogen, cellulose, and others has 
been demonstrated by many investigators (17), and it is tempt- 
ing to suggest that guanine nucleotides may be involved in the 
biosynthesis of yeast mannan. Thus the inability of inositol- 
deficient cells to synthesize adequate amounts of guanine nu- 
cleotides may represent the basic biochemical aberration char- 
acteristic of inositol deficiency and common to both yeast and 
mammalian cells. 


SUMMARY 


The effect of inositol deficiency on the metabolism of nucleic 
acids has been studied with KB cells. It was shown that 
inositol deficiency causes a marked decrease in the amount of 
the acid-soluble nucleotides and the ribonucleic acid of the cells. 
No effect was observed on the cellular content of deoxyribo- 
nucleic acid and protein. 

The rate of incorporation of C'* from uniformly labeled glucose- 
C* into pool nucleotides and into ribonucleic acid adenine, 
cytosine, and uracil of the deficient cells proceeded at a rate 
similar to that obtained with normal cells. However, the rate 
of labeling of ribonucleic acid guanine in the deficient cells was 
half of that of normal cells. 

The rate of labeling of the deoxyribonucleic acid bases was 
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uniformly decreased in the inositol-deficient cells and reflected 
the decreased rate of cell multiplication. 

Evidence is presented which suggests that only a small frag. 
tion of the pool guanine participates in the biosynthesis of ribo- 
nucleic acid guanine. 


Acknowledgment—We wish to express our thanks to Dr. Paul 
Smith of the Department of Microbiology, University of Penn- 
sylvania, for the pleuropneumonia-like organisms tests of our 
cell cultures. 
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Preliminary Communications 


The Stimulation of Photophosphorylation 
by Coenzyme Q, and Q, in 
Chromatophores of 
Rhodospirillum 
rubrum* 


Harry RupNEY 


From the Department of Biochemistry, Western Reserve 
University, School of Medicine, Cleveland 6, Ohio 
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The postulated role of quinones in photosynthetic reactions has 
recently been redefined and amplified by the finding of Bishop 
(1), Crane (2), and Crane et al. (3) of a benzoquinone derivative 
called plastoquinone in chloroplasts. Bishop found that the Hill 
reaction of chloroplasts was reduced after extraction with pe- 
troleum ether and that it could be restored by the addition of 
plastoquinone. Lester and Crane (4) observed that Rhodospi- 
rillum rubrum contained relatively large amounts of CoQ (ubi- 
quinone)! rather than vitamin K or plastoquinone. In order to 
evaluate the role of CoQ in photophosphorylation we attempted 
to extract chromatophores from R. rubrum with organic solvents. 
It was found as with Chromatium (5) that lyophilized prepara- 
tions of chromatophores from R. rubrum could be stored for 
several weeks at —15° without loss of photophosphorylative 
activity. Extraction of this lyophilized preparation with pe- 
troleum ether according to Bishop’s procedure led to decreases in 
photophosphorylation which could not be restored by the addi- 
tion of CoQ or the petroleum ether extract itself. 

Studies on the biosynthesis of CoQ in R. rubrum by Sugimura 
and Rudney,? which will be reported elsewhere, have revealed 
that cells grown in the presence of DPA, an inhibitor of carote- 
noid synthesis, had greatly decreased concentrations of CoQ. 
Cells grown anaerobically in the light in the medium of Kohl- 
miller and Gest (6) contained 4.0 mg of CoQg per g (dry weight) 
of cells whereas DPA-treated cells contained from 1 to 2.5 mg of 
CoQs per g (dry weight). As expected, the chromatophores 
of DPA-treated cells also contained correspondingly reduced 
amounts of CoQ,.’ 

Chromatophores obtained from DPA-treated cells were found 
to have 25 to 60% of the photophosphorylative activity of 
chromatophores from normal cells. It has been found that 


* Supported by a Senior Research Fellowship Grant, SF199, 
United States Public Health Service. 

1 The abbreviations used are: CoQn, coenzyme Q 2,3-dimethy- 
oxy-5-methyl-1,4-benzoquinone (subscript indicates the number 
of monounsaturated isoprene units in the side chain substituted 
on carbon 6 of the benzoquinone nucleus); DPA, diphenylamine; 
PMS, phenazine methosulfate; DPA chromatophores, chromato- 
phores obtained from cells treated with DPA. 

2 A. Sugimura and H. Rudney, unpublished results. 

3’ Chromatographic evidence indicates that the CoQ moiety in 
R. rubrum is CoQio rather than CoQ». T. Sugimura and H. Rud- 
ney unpublished results. 


chromatophores prepared from cells treated with DPA exhibit 
an increase in the rate of photophosphorylation on the addition 
of lower isoprenologues of CoQ to the medium. Normal chro- 
matophores did not respond in the same manner. A.typical ex- 
periment is shown in Table I. CoQ: and CoQ; had about the 
same stimulatory activity; CoQo, CoQ», CoQs, CoQio, and 2 ,3-di- 
methyl]-5 ,6-dimethoxy-1 ,4-benzoquinone had no effect on both 
DPA and normal chromatophores. The effects could be ob- 
served in air as well as nitrogen. A slight stimulation of photo- 
phosphorylation by CoQ, was sporadically observed in normal 
chromatophores with high succinate concentrations. In general 
this effect was relatively minor compared to the stimulation 
obtained with DPA chromatophores. 

Naphthoquinones such as vitamin K, and vitamin K; did not 
have any significant stimulatory effect on normal or DPA chro- 
matophores, but both types of chromatophores were stimulated 
equally well by PMS. It was observed that CoQ; had a stimu- 
latory effect only with high concentrations of succinate but in- 
hibited photophosphorylation at low levels of succinate with 
both chromatophore preparations. PMS stimulated at both 
high and low levels of succinate. These findings are shown in 
Table II. It is of interest that in this preparation the CoQ, 
content of the normal chromatophore preparation was 30.8 ug 


I 


Effect of CoQs on chromatophores from normal and diphenylamine- 
treated cells 

Chromatophores were prepared as previously described (7). A 
suspension of chromatophores in glycylglycine buffer (pH 7.4) 
was lyophilized and kept at —12°. When required, the powder 
was dissolved in H.O. The concentration of DPA in the growth 
medium was 5.5 X 10-5 m. Incubations were done at 30° in test 
tubes in a water bath which allowed simultaneous illumination 
and gassing of the atmosphere with nitrogen. When strictly 
anaerobic conditions were desired, nitrogen was pretreated with 
Fieser’s solution. Each tube contained 5 mm MgCl., 10 mu ADP 
(pH 7.0), 10 mm potassium phosphate (pH 7.0), 1.0 mm succinate, 
and 50 mm glycylglycine buffer (pH 7.4) in a total volume of 2.0 
ml. Protein was determined by the Folin-Lowry method. CoQ 
and other quinones were added in 0.02 ml of absolute alcohol. 
The reaction was begun by the addition of chromatophores; then 
the tubes were gassed and the lights turned on. The incubation 
time was lhour. Light was supplied by tungsten lamps, total 500 


watts, the light intensity being 1200 foot candles at the reaction 
site. 


Additions 
pmoles 
Normal chromatophores (1.44 mg of protein) 17.6 
Normal chromatophores (1.44 mg of protein) + 0.1 mg | 15.6 
DPA chromatophores (1.14 mg of protein) 3.2 
DPA chromatophores (1.14 mg of protein) + 0.1 mg 8.3 
CoQ: 
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By, Coezyme 


TaB_e II 
Effect of various quinones on photophosphorylation in normal and 
DPA chromatophores 
Figures represent umoles of P; esterified per hour. Assay con- 
ditions were the same as indicated in Table I, except that 0.5 mg 
of protein was used in each tube. 


Normal DPA 
Additions 0.05 1.0 
mat mat 
cinate | “inate cinate 
+ Vitamin K; (0.17 mg).............. 3.1] 4.8]; 1.5 | 2.9 
Menadione (0.04 mg).................. 1.4] 5.4] 0.50 | 3.8 
Phenazine methosulfate (0.08 mg)..... 9.5 | 10.5 | 11.0 | 9.7 


TaBLe III 
Effect of antimycin and phenazine on CoQ; stimulation of 
photophosphorylation with DPA chromatophores 
Conditions similar to those described in Table I. Incubation 


time was 30 minutes. Figures represent umoles of P; esterified. 
Each tube contained 0.56 mg of protein. 


Without antimycin With oT cin 
Additions 
0.05 mu | 1.0mm | 0.05 mm| 1.0 mu 
succinate {succinate |succinate| succinate 
1 None ea 1.7 0 0 
CoQs, 0.17 mg 6.6 0 0 
PMS, 0.08 mg 8.0 9.7 5.6 8.25 


* The apparent stimulation by CoQ; with 0.05 mm succinate is 
not considered significant in view of the larger errors involved in 
measuring the uptake of small amounts of P;. In general, when- 
ever the uptake of P; in either normal or DPA chromatophores 
was 3 umoles or more, then inhibition by CoQ was observed with 
low succinate concentrations. 


per mg of protein compared to 7.0 ug per mg of protein in the 
chromatophores from DPA-treated cells. 

The question as to whether the stimulation of photophos- 
phorylation by CoQ; represents actual phosphorylation at the 
CoQ site cannot be resolved as yet. However, the evidence ob- 
tained with inhibitors, such as antimycin, indicates that the 
stimulation of photophosphorylation by CoQ; is occurring at a 
site involving the endogenous electron transport system. As 
shown in Experiment 1 (Table III) antimycin completely blocks 
the stimulation obtained with CoQ; whereas the phosphorylation 
stimulated by PMS is relatively insensitive to this inhibitor. 
The insensitivity of PMS stimulation to antimycin has been 
previously observed (7). 

With some preparations of DPA chromatophores it has been 
found that the stimulation of photophosphorylation above con- 
trol values when both CoQ; and PMS are present in the medium 
is equal to the sum of the stimulation observed with each sub- 
stance separately. In other preparations no additive effect was 
noted despite the fact that each substance alone stimulated 
photophosphorylation. The cause of the variation in the re- 
sponse of the different preparations is being investigated. 
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The only other known effect of DPA treatment of microor- 
ganisms is an inhibition of carotenoid biosynthesis. It has been 
observed, however, that carotenoids are not essential for photo- 
phosphorylation in Chromatium (8) and their chief function 
appears to be the protection of bacteriochlorophyll from photo- 
oxidation (9). In the preparations used in this study it has been 
found that the chlorophyll content is unchanged in the DPA 
chromatophore preparation relative to normal chromatophores, 
Thus it is reasonable to assume that the major lesion with regard 
to photophosphorylation possessed by the DPA chromatophores 
lies in the decreased content of CoQ and that the particles are 
structurally altered so that they can respond to CoQ derivatives, 
Since in these preparations a response to CoQ derivatives can be 
obtained without the necessity for prior extraction with organic 
solvents, a procedure which leads to further changes in the 
structural organization of chromatophores, the results obtained 
direct attention to the value of the chromatophore preparations 
from R. rubrum grown in DPA for the study of the function of 
CoQ in photophosphorylation. 
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Studies by Barker et al. (1-5) have led to the isolation of sev- 
eral coenzyme forms of vitamin Bi2. Although the structure of 
the B,2 coenzymes is not completely elucidated, it is known that 
the vitamin contains cyanide bound to trivalent cobalt and the 
coenzymes contain an adenine nucleoside (6, 7) linked to reduced 
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cobalt (8). This nucleoside is released from the coenzyme during 
light inactivation, whereas treatment of the coenzyme with cya- 
nide releases adenine (6). 

Little is known about the biosynthesis of these coenzymes. It 


} has been reported (9, 10) that an enzyme system from extracts 


of Proptonibacterium shermanii can convert By. derivatives to 
light-sensitive compounds. The latter were not tested for co- 
enzyme activity and little additional information was presented. 

We now wish to report the conversion of vitamin Bi. to a 
coenzyme form in cell-free extracts of Clostridium tetanomorphum. 

Vitamin B,2 was obtained from Nutritional Biochemicals and 
5,6-dimethylbenzimidazolyleobamide coenzyme preparations 
were gifts from Dr. H. A. Barker, University of California, and 
Dr. D. Perlman, Squibb Institute for Medical Research. Clos- 
tridium tetanomorphum (ATCC 3606) was grown on a glutamate 
yeast medium as described by Barker et al. (11). A cell-free 
extract was prepared and treated with charcoal and protamine 
as described in an earlier report (2). Residual coenzyme in the 
extract was inactivated by illumination (6). The cell extract 
was used as a source of the enzymes required both for synthesis 
of the coenzyme and for the assay of the coenzyme. Al! manip- 
ulations during the synthesis and assay of the coenzyme were 
performed in dim light. 

The assay for coenzyme is based on its activity in the enzy- 
matic conversion of glutamate to mesaconate (2). The original 
assay procedure (2) was modified as follows. Incubations were 
run at 37° in a total volume of 1.2 ml, containing 10 wmoles each 
of glutamate, KCl, and MgCl, 5 umoles of glutathione or mer- 
captoethanol, 50 umoles of sodium phosphate buffer, pH 7.4, 0.2 
to 0.3 ml of cell extract, and a coenzyme preparation. At zero 
and 20 minutes, 0.4 ml of the incubation mixture was transferred 
to a glass-stoppered centrifuge tube containing 0.5 ml of 0.1 N 
HCl. Ether (1.5 ml, washed with FeSO, solution and water to 
remove peroxides) was added, and the tube was shaken by hand 
and centrifuged. The mesaconate in the ether layer was esti- 
mated spectrophotometrically at 240 my in a Beckman model 
DU spectrophotometer. Mesaconate formation was propor- 
tional to coenzyme concentration, with authentic 5 ,6-dimethyl- 
benzimidazolyleobamide coenzyme as the standard; although 
the activity varied somewhat with each cell extract preparation, 
in general it was possible to assay between 0.1 and 2 mumoles of 
the coenzyme. The ether extraction procedure used here made 
it possible to assay crude extracts for coenzyme content. 

Incubation of the cell extract with vitamin By: under the proper 
conditions results in the formation of significant amounts of 
coenzyme (Table I). The enzymatic synthesis of the coenzyme 
was dependent not only on the presence of the vitamin, but also 
of Difco yeast extract, ATP, and a sulfhydryl compound (gluta- 
thione or mercaptoethanol). The requirement for ATP could 
not be completely replaced by equimolar concentrations of other 
adenine compounds. Adenine itself was ineffective whereas aden- 
osine, AMP, and ADP showed 30, 60, and 90%, respectively, of 
the effect observed with ATP. The yeast extract could be re- 
placed by a light-treated boiled extract of Clostridium tetanomor- 
phum (2). When vitamin By: was replaced by light-inactivated 
Bye coenzyme (6), synthesis also occurred at about the same rate 
as with the vitamin. 

Further identification of the material synthesized as a By: co- 
enzyme has been obtained as follows. The product formed was 
inactivated by illumination (Table I), as well as by treatment 
with 0.1 m KCN, properties which are characteristic of the cobam- 
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ide coenzymes (6). The product was stable after exposure to 
0.1 n HCl at 80° for 5 minutes, consistent with the idea that it 
was the 5,6-dimethylbenzimidazolyleobamide coenzyme, rather 
than the adenyleobamide coenzyme. The latter is quite labile 
under these conditions (6). 

Studies with C'-ATP indicate that ATP serves as a precursor 
of the adenine moiety of the coenzyme. When ATP-8-C" was 
included in incubation mixtures for synthesis of the coenzyme, 
some radioactivity was incorporated into a form that was not 
adsorbed on passage through a column of Dowex 1-formate; on 
such a column, ATP is adsorbed, whereas B;2 coenzyme is found 
in the effluent. An intimate relation between this incorporation 
of C and coenzyme formation is suggested by identical require- 
ments for the two phenomena (Table II). In addition, there is 
close quantitative agreement between the amounts of ATP in- 
corporated and Bi, coenzyme synthesized. 


TaBLe I 
Synthesis of Biz coenzyme 

The complete system contained in a volume of 1 ml: 0.2 ml of 
cell extract (20 mg of protein per ml); 0.2 umole of ATP, 10 umoles 
of glutathione, 0.06 umole of vitamin Biz, 100 wmoles of sodium 
phosphate buffer (pH 7.4), and 5 mg of yeast extract. At the 
indicated times 0.1-ml aliquots of the incubation mixture were 
assayed for coenzyme as described in the text. 


Time Biz coenzyme 

hr mymoles/0.1 ml 
Complete system 0 <0.05 

1 1.5 

—Biz 1 0.12 
— Yeast extract 1 0.08 
—ATP 0.13 
—Glutathione 1 0.15 
With boiled enzyme* 1 0.11 
After light treatmentt 1 0.07 


* The cell extract was heated at 100° for 2 minutes. 

j At 1 hour an aliquot of the complete incubation mixture was 
exposed, at a distance of 8 inches, toa 300 watt bulb for 30 minutes 
and then assayed for coenzyme activity. 


II 
Requirements for AT P-8-C'4 incorporation and coenzyme synthesis 
The complete system contained, in a total volume of 0.5 ml: 
0.2 ml of cell extract, 0.1 wymole of ATP-8-C™ (60,000 c.p.m.), 5 
umoles of glutathione, 0.075 umole of vitamin Biz, 50 uwmoles of 
sodium phosphate buffer (pH 7.4), and 5 mg of yeast extract. 


ATP-8-C" incorporated*| 
mpmoles/0.1 ml 
Complete system......... 1.4 1.3 
— Yeast extract.......... <0.05 <0.1 
—Glutathione.......... <0.05 


* After a 30-minute incubation at 37°, a 0.1-ml aliquot of the 
incubation mixture was passed over a Dowex 1-formate column 
(0.5 X 2.0 em) to remove ATP. The column was washed twice 
with 0.4-ml portions of water, the effluent and washes were com- 
bined, and 0.6 ml was transferred to a planchet, dried, and counted 
in a gas flow counter. 

+ Biz coenzyme was assayed as described in the text. 
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TaB_e III 
Localization of radioactivity in Biz. coenzyme 


The incubation conditions were identical with those described 
in Table I except that 0.36 umole of ATP-8-C* (220,000 ¢.p.m.) 
was used. 


Radioactivity 
| c.p.m. 
A. Dowex 1-formate effluent............... 7900 
B. Dowex 50-Nat effluent................. 8730 
C. Degradation of B by light 
1.-Adenine nucleoside fraction........... 6610 
2-Cobamide fraction. ................... 630 
D. Degradation of B by cyanide 
T-Adenmme fraction. .... 6930 
2-Cobamide fraction. ................... 0 


Supplemental evidence that the labeled adenine of ATP is 
incorporated into the adenine nucleoside of the coenzyme has 
been obtained by further purification and specific degradation of 
the synthetic product (Table IIIT). After an incubation with 
ATP-8-C, in which about 10 mumoles of coenzyme were formed, 
100 mumoles of authentic Biz coenzyme were added as carrier 
and the incubation mixture was passed over a Dowex 1-formate 
column. The effluent (A) (containing the Biz coenzyme and 
about 5% of the radioactivity originally added to the incubation 
mixture) was further purified by passage over a Dowex 50-Nat+ 
column (2) which adsorbs adenine and adenosine but not the 
By: coenzyme. There was no loss of radioactivity after passage 
through the Dowex 50 column (B). Samples of coenzyme in 
this fraction were degraded by light (C) and by cyanide treat- 
ment (D) as described previously (6). The adenine nucleoside 
or free adenine released from the coenzyme by light or cyanide 
treatment, respectively, was preferentially adsorbed on a Dowex 
50-Nat+ column. Subsequent elution of these compounds with 
0.1 n NH,OH revealed that 75 to 80% of the radioactivity 
originally present in the coenzyme fraction was recovered in the 
eluates, with little radioactivity remaining in the cobamide frac- 
tion. 
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During studies of the separation of different amino acid-specific 
ribonucleic acids (1, 2), unexplained losses of activity have been 
observed. As a working hypothesis to explain the losses, it was 
assumed that traces of nucleases were being encountered during 
the experimental procedures. In order to locate possible sources 
of nuclease activity, an assay was developed which measures the 
destruction of the amino acid-acceptor activity of the RNAs 
during incubation for 2 hours at 60° at pH 6 or pH 7 in the pres- 


TABLE I 
Inactivation of yeast “‘soluble-RN A” by water wash of human. fingers 

Assay for Nuclease Activity—To 1.2 ml of the solution to be 
tested was added 0.8 ml of 0.1 m, pH 7, sodium phosphate contain- 
ing 2 mg of yeast “‘soluble-RNA” (prepared as described in (3) 
but reextracted three times with phenol to remove the last traces 
of endogenous nucleases). Half of the resulting solution was 
incubated for 2 hours at 60°, and the other half was stored in the 
refrigerator, both in the presence of a few drops of chloroform. 
Amino acid-acceptor activity of the RNA (3) was then measured 
in triplicate, with the use of 0.2 ml of the solutions per tube. 

Preparation of Wash of Human Fingers—Two fingers and the 
thumb were immersed to a depth of approximately 4 em and 
rubbed together gently in 10 ml of glass-distilled water for 5 
minutes at room temperature. The wash was centrifuged for 10 
minutes at 60,000 X g (average), the supernatant was dialyzed for 
a few hours at 5° against 0.001 m, pH 7, sodium phosphate, in the 
presence of chloroform, and the solution remaining inside the 
dialysis sack was used in the assay for nuclease activity. (Cen- 
trifugation and dialysis were not necessary.) 

Phenol Treatment of Wash—To 1.2 ml of the centrifuged, di- 
alyzed wash was added 0.4 ml of 0.1 mM, pH 7, sodium phosphate, 
and the solution was extracted three times with water-saturated, 
redistilled phenol and twice with ether. The remaining ether 
was evaporated, and the aqueous solution was used in the assay 
for nuclease activity. 


Inactiva- 
tion* of 
RNA during 
incubation 
for 2 hours 
at 60° at 
pH 7 


Addition 


% 
Wash of human fingers 887 
Wash, after shaking with phenol..................... 0 
Wash, after heating 30 minutes at 100° at pH 7........ 11 


* Histidine-acceptor activity was measured. 

+ Acid-soluble material was formed. With amore concentrated 
wash, which inactivated the RNA completely, 35% of the ultra- 
violet-absorbing material was rendered acid-soluble during 2 
hours at 60°. There was no formation of acid-soluble material 
in the control. 
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ence of chloroform. Yeast “soluble-RNA.” after sufficient treat- 
ment with phenol, is completely stable under these conditions. 

It was observed, with this sensitive assay, that the addition of 
an extract! of previously washed dialysis casing sometimes led to 
joss of activity of the RNA. Variations in the preparation of 
the extract established that the losses did not occur if the dialysis 
casing had been handled only with polyethylene gloves; this 
suggested that the destructive material came from the fingers of 
the person handling the dialysis casing. Further investigation 
demonstrated that water, or buffer, used to rinse a person’s fin- 
gers could cause complete inactivation of the RNA. Typical 
results are shown in Table I 

The active material present in the wash of fingers, possibly a 
skin ribonuclease, is highly active at pH 6 and at pH 7, but is 
relatively inactive at pH 8. It is inactivated completely by 
shaking the wash with phenol, and is inactivated slowly by heat- 
ing at 100° at pH. 7. Its activity survives drying on glassware. 
The amount of activity found in the wash is equivalent to that 
of pancreatic ribonuclease at a concentration of 1 to 10 mug per 
ml, depending upon the volume of water used for the wash. Ac- 
tive material has been obtained from the fingers of all six persons 
so far tested. 

The presence of nucleases in skin would, of course, be expected, 
and studies of skin nucleases have been reported (4, 5).2 What 
has not been appreciated is the ease with which serious contami- 
nation by a nuclease can result from contact of glassware, dialy- 
sis casing, and so forth with the fingers. Considering the stabil- 
ity of the “skin nuclease” described here, extreme care must be 
exercised to avoid contamination. 
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1 The dialysis casing was immersed in the solution used for ex- 
traction. 

2 It seems likely that the instability of solutions of plant virus 
nucleic acids observed in certain instances (6, 7) has been the re- 
sult of contamination with the ‘‘skin nuclease.’? Bawden and 
Pirie (6) reported that destructive material was obtained by dip- 
ping the forefinger in a solution of virus nucleic acid, but the na- 
ture of the destructive material apparently was not investigated. 
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Reports from this laboratory (1, 2) and from others (3-5) have 
described enzyme fractions that catalyze the incorporation of 
ribonucleotides into polyribonucleotide as a process dependent 
on the presence of the four ribonucleoside triphosphates and of 


TaBLeE I 
Measurement of net formation of RNA 

The incubation mixtures contained ATP, 5 X 10-4 m; UTP, 
CTP, and GTP, 2.5 X 10-4 M; phosphocreatine, 5 X 10-* m; crea- 
tine kinase, 250 ng; magnesium acetate, 0.02 m; Tris buffer, pH 
7.8, 0.015 m; calf thymus DNA, 1.0 zmole of DNA-P,* and 450 ug 
of protein in a total volume of 2.0 ml. After 10 minutes at 37°, 
reaction was stopped by the addition of 0.25 ml of 40% trichloro- 
acetic acid. The acid-insoluble material was washed twice with 
5% trichloroacetic acid, once with ethanol, and once with ether. 
The precipitate was dissolved in 0.5 ml of 0.3 n KOH and incu- 
bated for 18 hours at 37°. The DNA and protein were then 
precipitated by the addition of perchloric acid and the precipitate 
was washed with 3% perchloric acid. The supernatant solutions 
were combined and analyzed for absorbancy at 260 my and for 
orcinol-reacting material (11). The RNA-P values were calcu- 
lated from the 260 mz absorbancies with the use of the molar ex- 
tinction coefficients of the 3’(2’) mononucleotides, assuming a 
ratio of nucleotides which is found in the RNA formed with calf 
thymus DNA (Table IT). 


System Orcinol RNA-P 
umole 
Complete (zero time).............. 0.016 0.015 


* DNA-P was determined by the diphenylamine method (10). 


deoxyribonucleic acid. More recently, reports from additional 
laboratories have suggested the presence of enzymes catalyzing 
this type of reaction from a number of different sources (6-8). 
Hurwitz et al. (3) with an enzyme fraction from Escherichia coli 
W first showed a stimulation of the incorporation of ribonucleo- 
tides by exogenous DNA. The same laboratory recently re- 
ported that labeled ribonucleotides are incorporated into poly- 
ribonucleotide in a manner which indicates that the DNA is 
directing the incorporation (9). 

Our own observations have led to a similar conclusion and the 
purpose of this report is to describe results obtained with a 100- 
fold purified enzyme fraction from FE. coli B. The important 
finding that the base compositions of the newly synthesized RNA 


* Supported by Research Grant G-13964 from the National 
Science Foundation. 
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correspond to those of the added DNA (9) was based on the 
measurement of radioactivity incorporated into RNA with each 
labeled ribonucleoside triphosphate in turn. We wish to describe 
experiments in which the net synthesis of RNA was sufficient to 
permit chemical degradation of the RNA from single incubation 
mixtures. Chromatographic isolation and spectrophotometric 
measurement of the individual bases show that the base composi- 
tion of the RNA which is formed conforms to that of the DNA 
added. 

In Table I are data indicating the net formation of polyribo- 
nucleotide with the 100-fold purified FE. coli enzyme. After a 
10-minute incubation, an 8-fold increase in ribonucleotides 
(formed by alkaline hydrolysis of the acid-insoluble material) is 
measured either by 260 my absorbancy or by the orcinol method. 
Omission of DNA, UTP, or enzyme almost completely abolishes 
the increase. Omission of ATP, GTP, or CTP has been found to 
reduce the net formation as shown for the omission of UTP in 
Table I. 

The mixture of ribonucleotides resulting from alkaline hy- 
drolysis of the polyribonucleotides formed in reactions with 
native calf thymus DNA, Pseudomonas aeruginosa DNA, and 


Tasre II 
Base compositions of ribonucleic acids formed 

The reaction mixtures contained additions as in Table I with 
DNA and enzyme as follows: calf thymus DNA, 2.0 umoles of 
DNA-P, and 780 ug of protein in a final volume of 4.0 ml; Pseu- 
domonas aeruginosa DNA, 0.92 umole of DNA-P, and 1.30 mg of 
protein in a final volume of 4.0 ml; T2 DNA, 0.70 pnmole DNA-P, 
and 780 ug of protein in a final volume of 4.0 ml; d-AT copolymer, 
0.10 umole of DNA-P, and 100 ug of protein (with all four nucleo- 
side triphosphates or with only ATP and UTP), in final vloumes 
of 2.0 ml. Of duplicate reaction mixtures, one was incubated for 
10 minutes at 37°, and the other served as a zero-time mixture. 
The reactions were stopped by the addition of trichloroacetic acid 
to 5% by volume. The acid-insoluble material was washed and 
incubated with alkali as described in Table I. The alkaline hy- 
drolysates were neutralized with added Dowex 50 resin. The 
resin was removed by centrifugation and the supernatant solu- 
tions were acidified by adjusting to 5% trichloroacetic acid. The 
DNA and protein were removed and the precipitate was washed 
with 5% trichloroacetic acid. The supernatant solutions were 
combined, extracted four times with ether, and evaporated to 
dryness. The residues were hydrolyzed with 1 N HCl and hy- 
drolysates were applied to paper and chromatographed with 
isopropanol-HCl as the solvent system (12). The adenine, 
guanine, 3’(2’)-UMP, and 3’(2’)-CMP were eluted and determined 
as described by Markham and Smith (13). The zero-time reaction 
mixture values were subtracted from the 10-minute values for the 
calculations. 


Mole fraction in RNA 


A+T* A+U/A+G 
G+cu+c 

A U Cc G 
Calf thymus....... 11.30 (14) 0.28(0.29 0.19| 0.24] 1.32) 1.08 
P. aeruginosa...... 0.49 (15)'0.180.16| 0.33) 0.33] 0.51| 1.04 
Phage T2........... 1.86 (16)|0.34/0.32) 0.16] 0.18] 1.94| 1.08 


d-AT copolymer, 
(ATP, UTP, CTP, 


0.48,0.52) <0.01|<0.01) 0.92 
d-AT copolymer 
(ear, 0.47/0.53) <0.01|<0.01| >50| 0.89 


* Values are taken from the literature; see reference after value. 


Net Formation of RNA—Directing Effect of DNA 


Vol. 236. No. 7 


III 
Extent of AMP incorporation into acid-insoluble material with 
d-AT copolymer and T2 DNA 

The reaction mixtures contained d-AT copolymer; 6 mumoles 
of DNA-P, or T2 DNA; 7 mumoles of DNA-P; ATP-C"4, 5 X 10-4 
M, 4 X 105 c¢.p.m. per umole; and other additions as in Table I ing 
final volume of 0.2 ml. CTP and GTP were not included in the 
reaction mixtures with d-AT copolymer. After 10 minutes at 
37°, the reactions were stopped by addition of 1 ml of 5% tri- 
chloroacetic acid. The acid-insoluble material was washed five 
times with 5% trichloroacetic acid and counted. 


DNA protin 
mumoles 
d-AT copolymer 3 0.8 
6 
15 4.3 
30 6.3 
60 9.0 
T2 DNA 15 1.9 
30 2.6 
60 3.4 
90 3.8 


phage T2 DNA were further hydrolyzed with HCl and the ade- 
nine, guanine, 3’(2’)-UMP, and 3’(2’)-CMP were separated and 
determined. The mole fraction of each base in the newly formed 
RNA was calculated and Table II shows the results which were 
obtained. In each case, the amount of adenine recovered is very 
nearly equal to the amount of uracil, and the amount of guanine 
is nearly equal to the amount of cytosine. The A + U:G +C 
ratios' calculated for the ribonucleic acids are similar to values 
taken from the literature for the A + T:G + C ratios of the 
deoxyribonucleic acids. The base composition of the product 
formed with d-AT copolymer was examined when the incubation 
mixture contained all four ribonucleoside triphosphates and with 
only ATP and UTP included in the reaction mixture. As shown, 
only AMP and UMP are found in the product in either case. 
The last column shows the purine to pyrimidine ratios of the 
ribonucleic acids, and they are close to the value of 1.0 for DNA. 

The results show that the RNA which is formed with the E. 
coli enzyme resembles the native DNA which must be added to 
promote the reaction and suggest that DNA directs the in- 
corporation of ribonucleotides into RNA by a base-pairing 
mechanism. Further study will be required to determine 
whether an RNA-DNA complex is an intermediate of this reac- 
tion and whether double-stranded or single-stranded DNA or 
both may be involved. 

Of significance with respect to the role of DNA in the reaction 
is whether the amount of polyribonucleotide which is formed 
may exceed the amount of DNA whichisadded. To investigate 
the extent of polyribonucleotide formation, d-AT copolymer and 
T2 DNA in low concentration were incubated with increasing 
concentrations of the enzyme fraction. The amount of isotope 
from ATP-C™ incorporated into acid-insoluble material was 
measured. The results are shown in Table III. The formation 


1 Abbreviations used are: RNA-P, ribonucleic acid phosphorus; 
DNA-P, deoxyribonucleic acid phosphorus; d-AT copolymer, co- 
polymer of deoxyadenylate and thymidylate; A, adenine; G, 
guanine; U, uracil; C, cytosine; T, thymine. 
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Preliminary Communications 


Amino Acid Sequence of a Heme Peptide 
with Two Heme Groups 


Karu Dus, Rospert G. BartscH, AND MarTIN D. KAaMEN* 


From the Graduate Department of Biochemistry, 
Brandeis University, Waltham, Massachusetts 


(Received for publication, March 16, 1961) 


We have isolated an unusual heme peptide containing 27 amino 
acid residues and two heme groups from the variant heme pro- 
tein, RHP, of the obligate photoanaerobe, Chromatium, strain D. 
This protein has been obtained in pure form and characterized 
previously (1) as a compound with molecular weight of 36,000 
containing two functional heme groups. 

The heme peptide mixture, obtained by the peptic digestion 
method of Tuppy, Bodo, and Paleus (2, 3) accounts quantita- 
tively for all the heme present in the original protein. Two ma- 
jor components in approximately equal amounts and one minor 
component are present (see Table I), as shown by Celite column 
chromatography with the solvent system, n-butanol-acetic acid- 
water (2). The major components differ only with respect to 
the NH»-terminal amino acid; one terminates in alanine, whereas 
the other contains the additional amino acid, phenylalanine, as 
the NH2-terminal group. 

The sequence proposed for the peptic heme peptide is shown 
as Sequence (a) in Table I.. A partial list of peptide fragments 
which provide the basis for the sequence proposed is given in 
Table II. Established sequences are indicated by all peptides 
lacking braces and commas. 

Quantitative determination of heme content as_ pyridine 
hemochromogen establishes the presence of two heme groups in 
the peptide. The spectrum of the hemochromogen is identical 
with that derived from cytochrome c. One heme group is at- 
tached in the usual manner through thioether linkages between 
the vinyl side chains and the cysteine residues Nos. 5 and 8 
(Table I). The placement of the other covalently linked heme 
is still uncertain, but may be assigned tentatively to cysteine 
No. 20 with which it may form a monothioether adduct. The 
possibility of the presence of a free sulfhydryl group is still under 
investigation. 

Quantitative end group analyses of the 2,4-dinitrophenyl- 
alanine of the one major heme peptide, together with assay of 
lysine residues as ¢-amino-DNP! derivatives, are in agreement 
with a molecular weight corresponding to the composition 
shown. No quantitative analysis of amino acids has been per- 
formed other than end-group determination by the Sanger 
dinitrofluorobenzene method. Visual judgment of the ninhy- 
drin color on chromatograms is the basis for the analysis shown 
in Table I. 


* Publication No. 116 of the Graduate Department of Biochem- 
istry, Brandeis University, Waltham, Massachusetts. We grate- 
fully acknowledge financial support from the National Institutes 
of Health (Grant C-3649-C3) and the National Science Foundation 
(Grant G-6441). 

'The abbreviation used is: DNP, 2,4-dinitropheny]. 
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Sequence and composition of heme-bearing peptides from 
Chromatium RHP 


(a) Phe.Ala.Gly.Lys.CySO;H.Ser.Glu*.CySO;H.His.Thr.Leu. 
5 6 7 8 9 H 


234 6b KH BS ® 20 21 22 23 24 
Glu*.Gly.Ser (45%)° 
25 26 27 


(b) 
Gly.Ser (50%)? 

(c) (5%)° 


Amino acid composition of peptides (total hydrolysis: 
48 hours with 5.7 n HCl at 110°) 
Amino acid residue 


| 
| 
| 


Peptide (a) Peptide (6) Peptide (c) 
2 3 2 
2 2 1 
| 3 3 1 
| 3 3 1 
ety hae 2 2 ? (trace) 
1 1 
1 1 
|? (trace) 


« It is still uncertain as to whether the residue in question is 
aspartic acid or asparagine, or correspondingly, glutamic acid or 
glutamine. 


» The percentage is based on the weight of the lyophilized heme- 
containing fractions obtained after Celite chromatography. 


The major heme peptide resists enzymic fragmentation by 
trypsin, chymotrypsin, papain, and a protease prepared from 
Bacillus subtilis (Nagarse Company, Japan), but the small 
heme peptide can be digested with trypsin. After removal of 
the heme groups by performic acid oxidation, both peptides are 
easily cleaved by means of any of the enzymes mentioned. For 
example, trypsin yields three small peptides, as expected from 
the above sequence: (Phe to Lys (residues 1 to 4, Table I); 
CySO3;H to Lys (residues 5 to 19); CySO3H to Ser (residues 20 
to 27)). Separation and characterization of the peptides shown 
in Table II have been effected by two-dimensional paper chro- 
matography, as well as by high voltage electrophoresis, followed 
by paper chromatography. Details of the sequence analysis will 
be provided in a subsequent publication. 


REFERENCES 
1. Bartscu, R. G., AnD Kamen, M. D., J. Biol. Chem., 285, 825 
(1960). 
2. Tuppy, H., anp Bono, G., Monatsh. Chem., 85, 1024 (1954). 
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Luminescence in Extracts of Balanoglossid Species 


II 
Peptide fragments of heme-bearing peptide (partial list) 


The amino terminal residues were determined by the DNP-procedure of Sanger. 


| 


Peptide 
Treatment | 
Phe. Ala. Gly. Lys. CySO3H.Ser. Glu.CySO3H. His. Thr. Leu. Val. Ala. Asp. Glu. Gly. Ser. Ala. Lys. CySOsH. His. Thr. Phe. Asp. Glu. Gly. Ser 
Trypsin Phe(Ala, Gly, Lys) CySO3;H (His, Thr, Phe, Asp, Glu, Gly, Ser) 
CySOs3H (Ser, Glu, CySO3H, His, Thr, Leu, Val, Ala, Asp, Glu, Gly, Ser, Ala, Lys)* 
Ala (Gly, Lys) 
CySO3H (Ser, Glu, CySO:H, His, Thr)” 
Chymotrypsin CyS0O3H (Ser, Glu, CySO3H, His)° 
Thr(Leu, Val, Ala, Asp, Glu, Gly, Ser, Ala, Lys)° 
{ (Ale, Giy, Lys, CySOsH, Ser, Glu, CySO:H, His) 
\ Thr(Leu, Val, Ala, Asp, Glu, Gly, Ser, Ala, Lys, CySOsH, His) 
Asp (Glu, Gly, Ser)# Asp (Glu, Gly, Ser) 
Carboxypeptidase Phe. Asp. Glu. Gly. Ser 


Partial hydrolysis of con- 
centrated HCl at 37° 


Papain, Nagarse® enzyme 
(subtilisin) 


CySOs;H (Ser, Glu) 
Ser (Glu, CySOsH, His) 
Ser.Glu 
CyS0O3H (His, Thr) 


Leu (Val, Ala, Asp) 
Leu (Val, Ala, Asp, Glu, Gly, Ser, Ala, Lys) 


(Thr, Leu, Val) 


(Thr, Phe, Asp) 
Ala (Asp, Glu, Gly, Ser) 


(Leu, Val, Ala) 
(CySO3H, His, Thr, Leu, Val) 


(Ala, Lys, CySO3H, His) 


* This peptide derived by tryptic digestion yielded peptides. 
> These peptides derived from peptide (c) of Table I. 

© After treatment with chymotrypsin. 

4 These peptides derived from peptide (6) of Table I. 


¢ Nagarse (Crystalline Bacterial Proteinase, Nagarse and Company, Ltd., Osaka, Japan). 


Requirements for Luminescence in Extracts 
of a Balanoglossid Species* 


Leon S. DurRE AND MILTON J. CoRMIER 


From the Department of Chemistry, the University of Georgia, 
Athens, Georgia and the University of Georgia Marine 
Institute, Sapelo Island, Georgia 


(Received for publication, March 27, 1961) 


During recent years, the chemistry of a number of biolu- 
minescent reactions has been described. (1-7). According to the 
classical luciferin-luciferase reaction, all of these systems have 
been separated into a heat-labile enzyme fraction (luciferase) and 
a heat-stable fraction (luciferin) which, under the proper condi- 
tions, can be oxidized in the presence of the enzyme to produce 
light. In addition, certain of these systems require additional 
heat-stable components that are utilized for the activation of 
luciferin. For example, the firefly system involves an adenosine 
triphosphate activation of its luciferin (2) whereas biolumines- 
cence in the sea pansy (Renilla reniformis) requires an activation 
of its luciferin by adenosine diphosphate or adenosine 5’-phos- 
phate (7). 

Unsuccessful attempts have been made in the past to demon- 
strate a luciferin-luciferase reaction in a marine balanoglossid 


* This work was supported in part by the Atomic Energy Com- 
mission and the National Science Foundation and is contribution 
No. 30 from the University of Georgia Marine Institute, Sapelo 
Island, Georgia. 


worm, Ptychodera bahamensis, which occurs in the vicinity of the 
Caribbean islands (8). The authors have found a closely related 
luminous worm, tentatively identified as Balanoglossus bimi- 
niensis, that occurs in the United States and can be found at 
Sapelo Island, Georgia. We have been successful in demon- 
strating a luciferin-luciferase reaction in extracts of this organism, 
and identifying a third component required for luminescence. 

Crude extracts of B. biminiensis will emit a relatively dim 
luminescence that is stimulated 30- to 100-fold upon the addition 
of H,O2 or H,O2-generating systems such as glucose oxidase and 
L-amino acid oxidase. The response to added H:Oz is charac- 
terized by a flash of light that finally adjusts to a steady state 
level that is considerably lower than the flash peak. 

Luciferin can be separated from luciferase in the 25 to 50% 
ammonium sulfate fraction by adsorption to and selective elution 
from a diethylaminoethyl-cellulose column. The 25 to 50% 
ammonium sulfate fraction is adsorbed on the column, the 
luciferase being eluted off the diethylaminoethyl-cellulose with 
0.02 m potassium phosphate buffer, pH 7.0. After the removal 
of luciferase, several protein peaks, none of which contain 
luciferase or luciferin activity, are removed with 0.2 m potassium 
phosphate buffer, pH 7.0. Finally, the luciferin activity is 
eluted from the column with 1 m sodium chloride. During 
elution from the column, luciferin activity follows the protein 
content of the fractions. Any procedure, in fact, that tends to 
denature protein such as heating at 80° for 3 minutes, either 
aerobically or anaerobically, pH extremes, and freezing and 
thawing, results in a loss of luciferin activity. Thus, the demon- 
stration of a luciferin-luciferase reaction in this case requires not 
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Requirements for luminescence 

| Conditions: 33 mm phosphate buffer, pH 7; 0.2 ml of luciferin; 
_ 0.2 ml of luciferase (4 mg of protein from the 25 to 50% (NH) SO, 
fraction); 4.0 um H.O.; water to a final volume of 3 ml. Under 
these experimental conditions, full scale deflection (light intensity 
of 100) is produced from a source emitting approximately 3 x 10° 
quanta per second from its surface. 


Incubation Mixture | Light intensity 


Complete minus luciferase................. <0.001 
Complete minus luciferin.................. <0.001 
Complete minus <0.001 


only that HO. be present, but also that the luciferin be treated 
as a heat-labile component. Extensive purification procedures 
will be required, however, to determine the chemical nature 
of luciferin. A luciferase preparation that is devoid of luciferin 
can be conveniently prepared from the 25 to 50% ammonium 
sulfate fraction by prolonged dialysis against distilled water 
which selectively destroys the luciferin. 

With partially purified luciferin and luciferase, no light is 
emitted unless all three components are present, as shown in 
Table I. The apparent K,, for H.O2 in this system is 1.2 x 
10-° m. The luciferin fraction behaves kinetically as a typical 
substrate, whereas luciferase behaves as a typical enzyme. The 
maximal light intensity, as a measure of initial velocity, is 
hyperbolically related to the concentration of the luciferin frac- 
tion indicating simple Michaelis-Menten kinetics for substrate. 
In contrast, the luciferase fraction exhibits a linear relationship 
to the maximal light intensity. This is an important considera- 
tion since both fractions behave as proteins. 


L. S. Dure and M. J. Cormier 
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A typical response to the addition of H.O, to a reaction mixture 
which contains partially purified luciferin and luciferase is shown 
in Fig. 1. The steady state light emission that is observed after 
the flash is dependent upon the presence of H,O, as well as upon 
luciferin. For example, the addition of catalase will result in a 
rapid decline of the luminescent rate from the steady state which 
soon results in abolishing the light signal. Luminescence returns 
to the steady state value upon the addition of saturating levels 
of H.O.. Likewise, the luminescence rate declines as luciferin is 
utilized and a steady state is again attained upon the addition 
of sufficient amounts of luciferin. It is important to point out 
that the flash patterns are identical regardless of which com- 
ponent is added last. In addition, preincubation of luciferin 
with peroxide for varying periods up to a maximum of 20 minutes 
has no effect on the flash pattern, or on the length of time of 
the steady state after the flash, when enzyme is added. It 
appears, therefore, that peroxide has no effect on luciferin in 
the absence of the enzyme. Thus, this luminescent reaction 
apparently involves an enzyme-catalyzed peroxidation of 
luciferin in which case balanoglossid luciferase should be classified 
as a peroxidase. Thus far, it has not been possible to demon- 
strate a requirement for molecular oxygen, but this may be 
difficult to show because of the required presence of H2Os». 

It is of interest that in the presence of enzyme and luciferin, 
but in the absence of H»Os, light flashes are observed by the 
addition of organic peroxides such as benzoyl peroxide and also 
by free radical generators such as persulfate. The conditions 
of these experiments were the same as those listed under Table I 
except that H,O2 was replaced by 0.1 m persulfate or by benzoyl 
peroxide which was added in amounts such that the final con- 
centration was a saturated solution of the compound. The 
height of the flash produced by benzoyl peroxide and persulfate 
is of the same order of magnitude as that produced by H.O.. 
Since this luminescent reaction proceeds quite well at neutral 


Fig. 1. Conditions 


are the same as those listed for Table I. 
luciferin. 
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pH value, this system should prove to be useful as an assay for 
H.O. and free radicals that are generated by biological systems 
near a pH value of 7. 
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Studies of methionine methyl biosynthesis in this laboratory 
have been concerned with the determination of the existence of 
a methylated intermediate. A number of possibilities have 
been considered (1). Several of these have been tested by the 
synthesis of C'-methyl-labeled compounds and the determina- 
tion of the ability of these substances to form methionine in a 
0.35 to 0.50 ammonium sulfate fraction of pig liver extract (1). 
By this technique, thiomethyladenosine, methyl methionine 
sulfonium and adenosylmethionine have been eliminated as 
precursors (1). The most probable remaining hypothetical 
intermediates, adenosine diphosphate methyl and methyl 
tetrahydrofolate, have now been examined. It has been de- 
termined that ADP-methy] is not involved in methionine forma- 
tion. 

The present communication describes the chemical synthesis 
of a substance tentatively identified as 5-methy] tetrahydrofolate 
together with evidence indicating that this compound may be 
an intermediate of methionine biosynthesis de novo. 

Mixtures of methyl tetrahydrofolates have been prepared by 
the reduction of the formaldehyde-tetrahydrofolate addition 
compound with potassium borohydride. A typical preparation 
is described below. Tetrahydrofolate (1.13 mmoles, 3 ml, pH 7, 
Nutritional Biochemicals Corporation) was mixed with for- 
maldehyde-C™ (1.13 mmoles, 11.3 ml) under nitrogen. After 5 
minutes 3 ml of 1 M aqueous potassium borohydride solution 
was added and the mixture was heated at 45-55° for 1 hour. 
The very faintly yellow resulting solution was cooled in ice and 
3 ml of 1 m HCl were added. Eighty per cent of the formalde- 


* Aided by grants from The American Cancer Society and the 
National Science Foundation (NSF G-12899). 
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hyde-C™ was converted to nonvolatile radioactive products 
by this reduction, and less than 5% of the radioactive carbon 
could be converted to formaldehyde by heating at 100° for 30 
minutes in 0.4 m HCl containing carrier formaldehyde. This 
procedure removes quantitatively formaldehyde-C™ from the 
formaldehyde-tetrahydrofolate addition compounds. The prod- 
uct probably consists of 5- and 10-methyl tetrahydrofolates. 
This interpretation of the nature of the reduction product is sup- 
ported by the established reductive dehydroxylation of certain 
carbinolamines by borohydride (2), The reaction mixture was 
kept under nitrogen and used without further treatment. 

As shown in Table I, methionine is formed on incubation of 
the mixture of C'-labeled methyl tetrahydrofolates with pig 
liver enzyme, ATP, Mg, and acetylhomocysteine. Triphos- 
phopyridine nucleotide was not required but stimulated the 
reaction slightly. The incubation was carried out as described 
by Stevens and Sakami (1) with the substitution of acetyl-p1- 
homocysteine for L-homocysteine and lengthening of the incuba- 
tion time to 2 hours. These changes materially increased the 
yield of methionine. In addition, incubation was carried out 
under Skellysolve C instead of in Thunberg tubes. In Experi- 
ment 1, Table I, methionine formation was determined by measur- 
ing the incorporation of labeled carbon into methionine as de- 
scribed by Stevens and Sakami (1). In Experiment 2, Table I, 
and in subsequent experiments, methionine as determined micro- 
biologically by the procedure of Steele et al. (3). 

Wilmanns, Rucker, and Jaenicke (4) have proposed that in 
methionine biosynthesis ATP can be replaced by adenosine and 
is involved solely in the conversion of homocysteine to adeno- 
sylhomocysteine. As shown in Table II, however, the yield of 
methionine from methyl tetrahydrofolate is decreased by the 
substitution of L-adenosylhomocysteine for pL-acetylhomo- 
cysteine. In the absence of ATP, adenosylhomocysteine does 
not promote methionine biosynthesis. 

The biologically active component of the synthetic methyl 
tetrahydrofolate mixture has been purified by anaerobic chroma- 
tography on a diethylaminoethy] cellulose column (25 xX 170 
mm) equilibrated with 0.13 m Tris buffer pH 7.0 containing 
0.1 M mercaptoethanol. The entire alkaline solution obtained 
in the borohydride reduction was introduced onto the column 
without neutralization. Gradient elution was carried out with 
0.13 m (800 ml) and 0.40 Tris buffers, pH 7.0, containing 0.01 
M mercaptoethanol. The biologically active material which 
constituted the second peak was largely (~70%) eluted between 


TABLE I 
Formation of methionine from methyl tetrahydrofolate 
The complete incubation mixture contained methyl tetrahydro- 
folate, 2.5 um; ATP, 5.0 um; Mg, 5.0 um; TPN, 1.0 um; pL-acetyl- 
homocysteine, 5.0 um; Tris buffer, pH 7.5, 100 um. Total volume, 
2 ml containing 35 mg of protein. Incubation time, 2 hours. 


| 
Methionine formed 


Incubation mixture ; 


Experiment 1 Experiment 2 


c.p.m. pmoles pmoles 
Complete (boiled enzyme)... 1,810 | 0.11 | O 
10,800 | 0.65 | 0.62* 
8,900 | 0.54 0.55* 


* Methionine, 0.03 umoles, is formed on incubation of enzyme 
without additions. 
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TaBLe II 


Formation of methionine from methyl tetrahydrofolate 
and L-adenosylhomocysteine 
The complete incubation mixture contained methyl tetrahydro- 
folate, 3.0 um; Mg, 5.0 um; TPN, 1.0 um; ATP, 5.0 um; pL-acetyl- 
homocysteine, 5.0 um; Tris buffer pH 7.5, 100 um. Total volume 2 
ml containing 35 mg of protein. .L-Adenosylhomocysteine, 5.0 
umoles, was added as indicated. Incubation time, 2 hours. 


Incubation mixture | Methionine formed 


pmole 

Complete (boiled enzyme)..................... 0.02 

Acetylhomoeysteine replaced by adenosyl- | 

Acetylhomocysteine replaced by adenosyl- | 

homocysteine. ATP omitted................ | 0.04 

ATP and acetylhomocysteine omitted.......... 0.04 


TaBLe 
Formation of methionine from purified methyl tetrahydrofolate 
The complete incubation mixture contained ATP, 5.0 um; Mg, 
5.0 uM; DL-acetylhomocysteine, 5.0 um; purified methyl tetrahy- 
drofolate, 0.43 um; TPNH, 1.0 um; Tris buffer, pH 7.5, 100 um. 


Total volume, 2 ml containing 35 mg of protein. Incubation time, 
2 hours. 


Incubation mixture | Methionine formed 


umole 
Complete (boiled enzyme)..................... 0.02 
Methyl tetrahydrofolate omitted.............. 0.07 


300 and 340 ml and comprised 30% of the nonvolatile radioac- 
tive material. The solution was completely colorless. Less 
than 3% of the C™ of the fraction was converted to formalde- 
hyde C™ with 0.4 m HCl under the conditions described above. 

As shown in Table III purified methyl tetrahydrofolate was 
efficiently converted to methionine in the pig liver enzyme sys- 
tem. When the gradient elution was carried out with water 
instead of the 0.13 m buffer, two radioactive fractions were 
obtained before the active component was collected. These 
were eluted largely between 80 and 94 ml and 250 and 280 ml, 
respectively. The active fraction was obtained between 610 
and 650 ml under these conditions. The first and second frac- 
tions accounted for ~10% and ~50% of the nonvolatile ma- 
terial. Neither of these yielded methionine when incubated 
with the methionine-synthesizing system without TPNH. 

The chemical identity of the biologically active methyl 
tetrahydrofolate has not yet been unequivocally established. It 
is not 10-methyl tetrahydrofolate. The latter compound has 
been synthesized from 10-methyl folic acid essentially by the 
procedure for the reduction of folic acid described by Hatefi et 
al. (5) and did not yield methionine under the conditions of our 
experiment. It is considered that the active methyl] tetrahydro- 
folate fraction consists of a mixture of the isomers! of 5-methyl- 
L-tetrahydrofolate. If 5-methyl tetrahydrofolate is an inter- 
mediate of methionine methyl formation, the ATP required by 


' 5-Methyl tetrahydrofolie acid would possess an asymmetrical 
center in position 6 of the pteridine ring as well as in the e-position 
of the glutamie acid. 
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this process could be involved in the conversion of the nitrogen 
atom in position 5 to a quaternary amine by the addition of an 
adenosyl group. This would labilize the 5-methyl in a manner 
similar to the activation of methionine for transmethylation. 

Evidence supporting the biological formation of a methyl 
tetrahydrofolate has been obtained in this laboratory. A radio- 
active compound has been isolated from a system containing the 
pig liver enzyme, formaldehyde-C™“, TPN, Mg, and tetrahydro- 
folate by chromatography on Amberlite CG-45. The yield was 
decreased by the inclusion of acetylhomocysteine in the incuba- 
tion mixture and by the omission of TPNH or tetrahydrofolate. 
This substance does not yield formaldehyde on acid treatment 
and, therefore, is not a formaldehyde-tetrahydrofolate addition 
compound. Wilmanns et al. have mentioned the accumulation 
of a similar compound in an enzyme system from pig liver (4). 
Also, the isolation of a methyl compound from incubation 
mixtures containing an enzyme system from Escherichia coli 
has been briefly reported by Larrabee and Buchanan (6). The 
properties of the bacterial compound suggest that in the experi- 
ments of Larrabee and Buchanan 5-methyltetrahydrofolate 
accumulated during incubation and was oxidized in the process of 
isolation. This would account for the observation that DPNH 
was required both for the formation of the intermediate from 
formaldehyde and tetrahydrofolate, and also in the transfer of 
the methyl group of the compound to homocysteine after isola- 
tion. 

Our results differ from those of Wilmanns et al. (4) who report 
that neither ATP nor TPNH is required for methionine bio- 
synthesis from formaldehyde or their methylated derivative of 
folic acid and adenosylhomocysteine. This apparent disagree- 
ment is being investigated. 
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Cystinuria is associated with increased excretion of cystine 
(1), lysine, arginine (2), and ornithine, the last identified by 
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Fig. 1. Infrared spectra of the natural and synthetic mixed 
disulfide compounds in KBr pellets. These are compared to the 
clearly different spectrum obtained for cystine. A Perkin-Elmer 
model 221 infrared spectrophotometer with NaCl optics was used 
in these determinations. 


Stein (3). With the use of ion exchange resin columns, he also 
noted apparent increase in excretion of isoleucine (3). This re- 
port deals with further identification of the peak in the isoleucine 
area of the ion exchange chromatogram. 

Urine from ten patients with cystinuria was analyzed with 
the automatic recording apparatus of Spackman, Stein, and Moore 
with 30-50° operation as recommended for physiological fluids 
(4). A peak invariably appeared between the locations of leucine 
and isoleucine. Separation from isoleucine is perhaps due to 
the newer method, which employs 150-cm columns, whereas 
Stein previously used 100-cm columns (3). Because the appara- 
tus continually records the reaction of the effluent with ninhydrin 
at both 570 and 440 muy, it was possible to distinguish a peak 
that gave a reddish color with ninhydrin, similar to that of 
cystine, and unlike the blue of isoleucine. 

Amounts of the compound sufficient for analysis were obtained 
by the following procedures. Aliquots of urine (500 ml) from 
the patients were passed into a 4 X 30 em column of Dowex 50- 
H+ and washed through with 5 liters of water. This re- 
moved urea and much pigment. The amino acids were eluted 
with 6 N HCl at 4° and the HCl was removed on a rotary evap- 
orator. The resulting mass was dissolved and passed into a 1.8 
X 165 em column of Amberlite 1R-120 equilibrated with 0.2 Nn 
sodium citrate buffer, pH 3.25 (4). Elution was begun with 0.2 
N sodium citrate buffer, pH 4.25 (4) at 120 ml per hour, and 5-ml 
fractions were collected. Fractions containing the unknown 
compound were pooled and further purified on a narrower column, 
0.9 X 150cem. Fractions containing the compound were pooled 
and evaporated. The material was dissolved in water, adjusted 
to pH 5, and permitted to stand at 4°, whereupon a white 
precipitate formed. This was filtered off, dissolved in 0.5 N 
acetic acid, and passed through Dowex l-acetate to remove 
residual HC] and resins dissolved from the preparatory work (5). 
The acetic acid was removed by lyophilization and the powder 
was recrystallized from water.! 

! An abstract in which the occurrence of this compound was 
noted as a peak on the ion exchange chromatogram was submitted 
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At this point it was called to my attention by Professor Vincent 
du Vigneaud that the mixed disulfide of cysteine and homocysteine 
resulting from the hydrolysis of an oxytocin analogue containing 
the mixed disulfide of L-cysteine and L-homocysteine, with the 
‘arboxyl group of the half homocystine residue attached to 
tyrosine, gave a peak in the isoleucine area of the ion exchange 
chromatogram. Subsequent studies in his laboratory with a 
synthetic mixed disulfide of L-cysteine and tL-homocysteine 
showed that the synthetic compound and that resulting from 
hydrolysis of the analogue were identical.” 

The mixed disulfide was synthesized by aerating L-cysteine 
and t-homocysteine at pH 7.5. lon exchange chromatography 
revealed three peaks: cystine, homocystine, and one identical 
to that of the unknown compound. The synthetic mixed di- 
sulfide was isolated as described above. When the natural 
and synthetic compounds were combined and chromatographed 
on the automatic apparatus, there resulted a single, symmetrical 
peak identical to that obtained from the untreated urine. Paper 
chromatography of the combined materials revealed a single 
ninhydrin-positive spot in five solvent systems, with Re value 
between those of cystine and homocystine. Performic acid 
oxidation (7) of both the natural and synthetic substances yielded 
equimolar amounts of cysteic acid and homocysteic acid (8) on 
paper chromatography and no other ninhydrin-positive spots. 
The infrared absorption spectrum for the compound isolated 
from urine was identical to that of the synthetic compound 
(Fig. 1). Insufficient amounts of the natural substance were 
obtained for elemental analysis. However, the synthetic 
compound was analyzed to confirm its composition. 

C7HisN20482 (254.3) 
Calculated: C 33.06, H 5.55, N 11.02, O 25.16, S 25.02 
Found: 33.07, H 5.42, N 11.00, O 25.39, 825.39 

Optical rotation in N HCl at 25° for the synthetic compound 

was —60.8 + 0.6° whereas that for the natural compound was 
—52.2 + 0.6°. The slight discrepancy may be accounted for 
by racemization of the natural compound during evaporation 
of the 6 N HCl in the preparative work. However, the optical 
rotation demonstrates that the natural substance is of the L-L 
configuration. 

Ion exchange chromatography of a weighed amount of the 
pure compound allowed an estimate of the amount of mixed 
disulfide excreted in six patients from whom 24-hour urine 
collections were obtained. As shown in Table I, there was no 
apparent relationship to the amount of cystine excreted. This 
compound was not found in urine from normal subjects or from 
patients with other aminoacidurias associated with high cystine 
excretion. Traces of the mixed disulfide were found in cystine 
calculi. 

It is believed that this is the first description of the natural 
occurrence of the mixed disulfide of L-cysteine and L-homocysteine. 
Although this amino acid may represent an oxidation of cysteine 
and homocysteine after excretion, the absence of homocystine 
makes this unlikely. Furthermore, the absence of homocystine 
in the urine precludes the possibility of the mixed disulfide being 
formed by disulfide interchange from cystine and homocystine. 
The origin of this compound and its significance in cystinuria 
will be the subject of continued investigations in this laboratory. 


to the American Society for Clinical Investigation (6). At that 
time the substance had been only partially purified, and it was the 
impression that it was peptide in nature. 

2 —D. Jarvis, M. Bodanszky, and V. du Vigneaud, manuscript in 
preparation. 
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TABLE I 
Urinary disulfide 
24-Hour excretion 
Patient 
Cystine | Mixed disulfide 

1 602 90 

2 646 37 

3 1067 75 

4 765 101 

5 618 | 37 

6 849 | 69 
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The conversion of propionyl coenzyme A to succinyl coenzyme 
A in animal tissues has been shown to proceed via the reaction 
sequence 


Propionyl-CoA 


methylmalonyl-CoA — succinyl-CoA 
involving propionyl carboxylase and methylmalonyl isomerase 


* Aided by grants from the National Institute of Arthritis and 
Metabolic Diseases (Grant A-1845) of the United States Public 
Health Service, and the Rockefeller Foundation. 
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(1-4). Cobamide coenzymes are required for the isomerization 
of methylmalonyl-CoA to succinyl-CoA (5-9). This report 
presents preliminary evidence for the participation of an addi- 
tional enzyme in the above sequence. 

When a dialyzed ammonium sulfate fraction (between 50 and 
70% saturation) of sheep liver extract is treated with protamine 
sulfate (12.4 mg/100 mg of protein), the resulting precipitate 
(Fraction 1) and the supernatant (Fraction 2) are singly unable 
to form succinyl-CoA from methylmalonyl-CoA in the carboxyl- 
ase-isomerase coupled assay. The activity is restored upon 
combining the two fractions to the levels before protamine frac- 
tionation. These results are illustrated in Table I. Both frac- 
tions are heat-labile and nondialyzable. By acidifying these 
fractions separately with HCl in the presence of ammonium 
sulfate and by assaying in the presence and absence of cobamide 
coenzyme (9), we have shown the cobamide-coenzyme dependent 
methylmalony] isomerase activity to be associated with Fraction 
1, 2.e. the protamine precipitate. Furthermore, we have observed 
that Fraction 2 has practically no effect on the initial velocity of 
formation of succinyl-CoA from chemically synthesized, racemic 
methylmalonyl-CoA as catalyzed by Fraction 1. This result 
suggests that Fraction 2 is not involved in the mechanism of the 
isomerization reaction itself. So far we have no evidence to 
support the view that Fraction 2 might be concerned with an 
oxidation-reduction in the hypothetical sequence suggested earlier 
(11). 

The available evidence suggests that the enzyme in Fraction 2 
is probably concerned with the raceinization of methylmalonyl- 
CoA. The following sequence of reactions is suggested: 

propionyl 


Propiony]-CoA, 
carboxylase 


methylmalonyl 


methylmalonyl-CoA (a) 


racemase 


methylmalony] 
methylmalonyl-CoA (b) < succinyl-CoA 
isomerase 


It also seems that methylmalonyl-CoA (a) is easily racemized 
upon brief heating at 100° and neutral pH. 

When methylmalonyl-CoA (a), which is not isomerized by 
Fraction 1 alone,' is heated, it is now converted to succinyl-CoA 
by this fraction to the extent of approximately 50% (Table II, 
Column 2). When Fraction 2 is added to the reaction mixture, 
the heated methylmalonyl-CoA (a) is converted to succinyl-CoA 
to an extent approaching 100% (Table II, Column 3). Similar 
observations were made when the decarboxylation of methyl- 
malonyl-CoA (a) by reversal of the propionyl carboxylase reac- 
tion was studied. These results are illustrated in Fig 1. It may 
be seen (Curve 1) that methylmalonyi-CoA (a) is decarboxylated 
almost quantitatively, but as shown in Curve 2, it is decarboxyl- 
ated to an extent of approximately 50% after heating. However, 
the decarboxylation goes to completion when Fraction 2 is also 
added. It has been noticed that upon longer incubation, the 
decarboxylation of heated methylmalonyl-CoA (a) in the absence 
of Fraction 2 proceeds beyond 50% but at a much slower rate 
(Fig. 1, broken line). This may be attributed to nonenzymatic 
racemization because it is unlikely that the highly purified 


1 Some isomerization is obtained on prolonged incubation of 
methylmalmalonyl-CoA (a) with Fraction 1 alone. This is 
probably due in part to contamination of Fraction 1 with the 
Fraction 2 enzyme, and in part to spontaneous racemization 
(which may not be insignificant at 30°). 
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propionyl carboxylase used for these experiments (specific ac- 
tivity, 6 (10)) is contaminated with racemase. 

Methylmalonyl-CoA prepared synthetically by the method of 
Beck, Flavin, and Ochoa (3) has been found to react to an extent 
of approximately 25° with propiony! carboxylase and 50% with 
crude methylmalony! isomerase (0.5 to 0.7 ammonium sulfate 
fraction before precipitation with protamine). However, upon 
purification of the thiol ester on a Dowex 1-formate column, the 
extent of reaction becomes about 50 and 100%, respectively. 
This suggests that chemically synthesized methylmalonyl-CoA is 
only about 50% pure. Failure to realize this fact must have been 
responsible for the previous statement (12) that synthetic methy]- 
malonyl-CoA was converted to succinyl-CoA to an extent of 
50°; by preparations of isomerase which must have contained the 
racemase described in this paper. Because the material was only 
about 50% pure, it is apparent that all of the methylmalony!- 
CoA present was converted to succinyl-CoA. 

Experiments are in progress to study the racemase require- 
ment for the conversion of succinyl-CoA to propionyl-CoA by 
reversal of the reactions catalyzed by methylmalony] isomerase 
and propiony! carboxylase. It seems from the evidence already 
at hand that the methylmalonyJ-CoA enantiomorph produced or 
utilized by propiony! carboxylase is the optical antipode of that 
utilized or produced by methylmalony! isomerase. Work is also 
in progress on the purification of the enzyme in Fraction 2 
responsible for the observations reported. Further purification 
is required for a study of the mechanism of the suggested racemi- 
zation. Methylmalonyl-CoA can be racemized either by shift 
of the a-hydrogen atom or by transfer of the CoA moiety from 
one carboxy! group to the other. 


TABLE [ 


Requirement of two enzyme fractions for isomerization of methyl- 
malonyl-CoA formed by propionyl carboxylase 

The reaction mixture contained (in wmoles): Tris-HCl buffer, 
pH 7.5, 200; MgCle, 12; GSH, 4; ATP, 6; propionyl-CoA, 1; Na2- 
CO; (56,400 ¢.p.m. per umole), 20; propionyl carboxylase (specific 
activity, 6.0 (10), 1.0 unit); and either 0.5 to 0.7 ammonium sulfate 
saturation fraction (before precipitation with protamine) with 0.8 
mg of protein, Fraction 1 with 0.26 mg of protein, Fraction 2* 
with 0.80 mg of protein, or both Fractions 1 and 2. Final volume, 
2.0ml. After incubation for 24 minutes at 30°, 1 ml of the reaction 
mixture was withdrawn to determine succinate after alkaline 
hydrolysis of the thiol esters (3). The remaining solution was 
used to measure the radioactivity after acidification and per- 
manganate oxidation (2,9). Values are expressed per milliliter 
of reaction mixture. 


KMnOs- 


Experiment No. | Fraction | 
c.p.m. pmole ait 

1 0.5-0.7 (NH4) 80, 4145 0.058 

| Fraction 1 449 trace 

| Fraction 2 264 trace 

| Fraction 1 + Fraction 2 4778 | 0.063 

2 0.5-0.7 (NH,) 80, 4349 (0.054 

| Fraction 1 686 | trace 

Fraction 2 } 456 | trace 

Fraction 1 + Fraction 2 4805 | 0.066 


* Ammonium sulfate fraction, 0.55 to 0.7 saturation, of prota- 
mine supernatant. 
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Fic. 1. Decarboxylation of methylmalonyl-CoA (a) by reversal 
°f the propionyl carboxylase reaction. Methylmalonyl-CoA (a)- 
3-C™ was prepared as described in the legend to Table II, either 
without or with heating, and the excess ATP in the supernatant 
was removed by incubation with hexokinase and glucose. The 
experimental samples contained either unheated (Curve 1) or 
heated (Curve 2) methylmalonyl-CoA supernatant, 0.6 ml; ADP, 
1.8 uzmoles; potassium phosphate buffer, pH 7.3, either 2.7 umoles 
(Curve 1) or 6.5 wmoles (Curve 2); and propionyl carboxylase, 
either 1.3 units (Curve 1) or 1.7 units (Curve 2). Final volume: 
Curve 1, 1.0 ml; Curve 2,1.2 ml. Incubation at 30°. Two-tenths 
milliliter aliquots were withdrawn at various time intervals 
for measurement of residual methylmalonyl-CoA radioactivity. 
Enzyme Fraction 2 (0.13 mg of protein) added at arrow to 0.4 ml of 
reaction mixture; final volume, 0.5 ml. O——O, unheated methyl- 
malonyl-CoA; @——@, heated methylmalonyl-CoA; ©——0, 
heated methylmalonyl-CoA + enzyme Fraction 2. 


TaBLe II 
Isomerization of ‘‘heated’’ methylmalonyl-CoA (a) 

A reaction mixture containing (in wmoles): Tris-HCl buffer, 
pH 7.5, 500; MgCle, 30; GSH, 10; ATP, 7.5; Na2sC*O; (174,840 
¢.p.m. per umole), 25; propionyl-CoA, 2; and propionyl! carboxyl- 
ase, 0.63 unit (final volume, 6.0 ml) was incubated for 20 minutes 
at 30°, heated for 2 minutes at 100°, cooled in ice, and centrifuged. 
The supernatant contained ‘‘heated’’ methylmalonyl-CoA (a) 
labeled with C' in the carboxyl group. The isomerization sam- 
ples contained, in a final volume of 1.18 ml, ‘‘heated’’ methyl- 
malonyl-CoA supernatant, 1.0 ml, and either enzyme Fraction 1 
(0.26 mg of protein), or both Fractions 1 and 2 (Fraction 2, 1.0 
mg of protein). Incubation at 30°. KMn0O,-stable radioactivity 
was determined as in Table I. 


Isomerization 


Incubation time 
With Fraction 1. | With Fraction 1 + 


| Fraction 2 
min % 
60 49 | 84 
13 56 | 93 
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Ina previous communication (1), we proposed a partial struc- 
tural formula for the a chain of human hemoglobin. We now 
wish to describe the enzymatic and sequential degradation of the 
five largest tryptic peptides (T @ 6, 8, 10, 11, and 12) that have 
led to a formulation of the complete amino acid sequence of the 
a chain shown in Fig. 1. 

Although the structure of the smaller peptides could be de- 
termined directly by the subtractive Edman procedure (2) and 
carboxypeptidase, it was necessary to cleave the larger tryptic 
peptides into fragments the sequences of which could be deduced 
more readily with these two methods. Conditions were found 
for digesting the large tryptic peptides with pepsin or chymo- 
trypsin so that only two or three fragments were obtained. Thus, 
the original order of these fragments could be deduced from a 
knowledge of their N- and C-terminal amino acids. The enzy- 
matic degradation products were isolated by ion exchange 
chromatography on Dowex 50-X2 with pyridine-acetate buffers. 
In some cases, these fragments were further digested with papain 
or pepsin before a stepwise sequence determination was at- 
tempted. The procedures used for the five tryptic peptides are 
outlined below. 

T @ 12 was digested with chymotrypsin to yield two fragments 
(Fig. 24). The N-terminal peptide was cleaved further with 
papain, resulting in a dipeptide and a hexapeptide. The se- 
quences were then determined by the subtractive Edman method. 
The sequence of the C-terminal fragment was elucidated in a 
similar fashion. 

By digestion of T a 8 with chymotrypsin, two peptides were 
isolated that accounted for all of the amino acids present. The 
N-terminal portion gave a di- and a tetrapeptide on treatment 


* Present address, Division of Chemistry, University of Ten- 
nessee, Memphis, Tennessee. 


Leu. Ala. Ser. Val. Ser. Thr. Val. Leu. Thr. sor Dy ea 


Fic. 1. The amino acid sequence of the a chain of human he- 
moglobin. The residue position and the tryptic peptide number 
(1) are given below and above each arginine and lysine. 


with papain, and these structures were determined by the Edman 
procedure. After the C-terminal peptide was allowed to react 
with pepsin and the long fragment redigested with papain and 
carboxypeptidase, the sequences shown in Fig. 2B were obtained. 

Minimal enzyme concentration and short digestion time were 
required for the division of T @ 6 into only two subunits (Fig. 2C). 
Peptic degradation of the N-terminal peptide provided several 
pieces, the order of which was deduced from the chymotryptic 
and peptic digestion of the intact a chain (1). Papain was used 
to degrade the largest piece. The series of peptides obtained 
thereby provided enough information to work out the sequence 
of this portion. Papain, applied to the C-terminal chymotryptic 
peptide from T @ 6, yielded the data required to formulate the 
sequence in this region. 

T @ 11 was hydrolyzed by short contact with a very small 
amount of pepsin to give 85 and 90% yields of the two peptides 
shown in Fig. 2D. With the N-terminal portion, retreatment 
with pepsin provided two subunits the structures cf which were 
solved by papain and Edman degradations. The sequence of 
the C-terminal fragment was determined in an analogous fashion. 

From the action of chymotrypsin on T @ 10, three peptides 
were obtained. As before, pepsin followed by carboxypeptidase 
and Edman degradation showed the order of the remaining 
amino acids as shown in Fig. 2F. 

The tentative assignment of amides shown in Fig. 1 was made 
on the basis of the electrophoretic mobility of the smallest pep- 
tide containing aspartic acid, glutamic acid, or their respective 
amides. In some cases, the results of carboxypeptidase diges- 
tion were used to support these conclusions. 

The data presented here, together with that given in our 
previous communication (1), represent the minimal amount of 
information required to postulate a unique sequence. A con- 
siderable amount of supporting evidence for the proposed struc- 
ture was accumulated by sequence studies on the chymotryptic 
and peptic peptides as well as by cross-checking the Edman data 
with that obtained by enzymatic digestions. A full report of this 
work will be forthcoming shortly. 
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A Val (His,Glug,Gly3,Alag,Leu,Tyr) Arg B Thr (His,, Asp, Ser,Pro, Gly, Ala, Leu, Tyr, Phe,) Glu-NH,. Val. Lys 
0.001% chymotrypsin, 0.01% chymotrypsin 
25°, 2 hrs. 25°, 24 hrs. 
| |<. | >| «< 
(Gly, Ala, His, Ala,Gly,Glu, Tyr)| Gly (Glug, Alag,Leu) Arg| (His, Pro, Tyr, Phe,)|(His, Asp, Ser,, Gly, Ala, Leu) Glu-NH,. Val. Lys 
0.05% papain, 0.05% papain, 0.05% papain, 0.01% pepsin, 
40°, 17 hrs. 40°, 17 hrs. 40°, 17 hrs. 25°, 17 hrs. 
| | 1 >|< > 
<> | < > >| 
| val. Gly Ala. His. Ala. Gly.Glu.Tyr| Ala.Glu.Ala| Leu. Glu .A rgl Thr. Tyr Asp (His, Ser,, Gly, Leu) Ala/Glu-NH,. Val. Lys 


0.05% papain, 
40°, 16 hrs. 


Asp. Leu. Ser} His. Gly |Ser. Ala 


c Val (His, Asp,, Asp-NH3,, Thr, Ser,, Pro, Ala,, Val 


2’ 6° 2 Met, Leu,)Leu, His) Ala. His. Lys 


0.001% chymotrypsin, 
25° 30 min. 


“e (His, Asp,, Asp-NHg,, Thr, Pro, Ala., Val,, Met, Leu) Ala. LeulSer (Ser, Ala, Asp, Leu)(Leu, His) Ala. His. > | 
3 2 5 2 ay «=p 


+ 0.01% pepsin, 0.05% papain, 
25°, 17 hrs. 40° 17 hrs. 


le > 
is 4 


Val. Ala. Asp| Ala. Leu , Pro, Val, Met) Ala. Leu 


2 
0.05% papain, 
40°, 17 hrs. 


— Asp |Met. Pro. Asp-NH,|Ala Leu 


D Leu (His, Asp, Thr,, Ser,, Glu, Pro 


Thr. Asp-NH,. AlalVal. Ala. His (Asp,, Asp-NH ls- Alal Leu. Ser|Asp. Leu. His !Ala. His. Lys 


2 Ala., Val,, Leu,, Phe, CySO,H) Lys 


0.002% pepsin, 
25°, 2 min. 


|Leu. Leu(His,CySO,H.Thr,Ser, Val, Leus) Ala.Ala (His2,Asp, Thr,Ser,Glu, Propo, Ala3,Val,Leu9, Phe) Lys| 
— 


0.01% pepsin, 0.005% pepsin, 
25°, 16 hrs. 25°, 16 hrs. 


| | 
Leu, Leu (His ,CySOH,Ser,Leu,)|Val. Thr. Leu! JAla. Ala (His, Ala,Glu,Pro,Leu)| Phe. Thr (Pro,Ala) Vel. His| (Ale. Ser. Leu. Asp. Lys 


— 


0.05% papain, 0.05% papain, |o.ose papain, 
40°, 17 hrs. 40°, 17 hrs. 40°, 17 hrs. 
Leu. Leu.Ser His. CySOgH.Leu.Leu| | Ala. Ala.His|Leu.Pro.AlalGlu!l Thr. Pro. Ala|Val. His 
E Phe (Thr,Ser,,Ala,Val,,Leug) Thr. Ser. Lys 


0.01% chymotrypsin, 
25°, 24 hrs. 


| 


= 
“| 
Phe Leu. Ala (Serg, Val Thr, Val) Leu| Thr. Ser.Lys 


0.01% pepsin, 
25°, 12 hrs. 
| | 
Ala. Ser. Val. Ser|Thr.Val.Leu 


Fic. 2. Schematic diagram of the enzymatic degradations and sequential analysis of the five largest tryptic peptides from the a 
chain. A, T a 12; B, Ta 8; C,T a6; D,T a 11; E, Ta 10. —, sequences established by the Edman degradation; —, sequences estab- 
lished by carboxypeptidase. 
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Flavin Component of Reduced Diphospho- 
pyridine Nucleotide Dehydrogenase* 
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(Received for publication, May 1, 1961) 


An electron transport particle containing the complete se- 
quence of enzymes and carriers necessary to link both reduced 
diphosphopyridine nucleotide and succinate to oxygen has been 
prepared from beef heart mitochondria by D. E. Green and 
his colleagues (3,4). By altering slightly the isolation procedure, 
another particle (DPNH oxidase) containing only the intact 
DPNH chain has been prepared from the same source (5-7). 
From the particulate DPNH oxidase, Mackler has isolated 
recently a soluble DPNH dehydrogenase (8). The key step in 
this procedure, 7.e. exposing the particles at 44° to 9% ethanol 
and pH 4.8, had been devised previously by Mahler et al. (9) 
for the detachment of a DPNH cytochrome c reductase from 
pig heart and was used also by de Bernard for obtaining the 
same enzyme from electron transport particles (10). 

The soluble DPNH dehydrogenase from beef heart DPNH 
oxidase utilizes 2 ,6-dichlorophenol indophenol, ferricyanide, and 
cytochrome c as electron acceptors, and contains bound flavin 
and nonheme iron in the ratio of 1:2 (8). The present study 
was undertaken in order to obtain further information about 
the flavin component of the enzyme. 

The flavin was released completely and quantitatively by 
the following treatment: heating the enzyme for 6 minutes at 
100°; rapidly cooling to 5°; acidification with perchloric acid to a 
final concentration of 10%; and centrifugation to remove the 
denatured protein. No additional flavin was removed from the 
residue by digestion with commercial trypsin (Nutritional 
Biochemicals Corporation) (11, 12). From each milligram of 
enzyme approximately 10 mumoles of flavin were released as 
measured either by a microbiological assay! for total riboflavin or 
by the decrease in light absorption at 450 my upon treatment 
with hydrosulfite (see Table I, Column 1). 

Larger quantities of the enzyme (30 to 50 mg) were depro- 
teinized as described above by means of heat and acid, and the 
liberated flavin was separated from salts by adsorption and 
elution from a 2 X 10 cm column of Florisil (13), and then 
chromatographed on a 1.5 X 10 em column of diethylamino- 
ethyl cellulose, with a modification? of previous methods (14, 15) 


* Paper VII in the series ‘‘Flavin Nucleotides and Flavopro- 
teins.’”’ For paper VI see (1). This work was supported, in part, 
by a grant (H-5457) from the National Heart Institute, National 
Institutes of Health. A preliminary account of this work was 
presented at the 45th Annual Meeting of the American Society of 
Biological Chemists, Atlantic City, April, 1961 (2). 

1 We are indebted to Dr. M. Burger, Wisconsin Alumni Resaerch 
Foundation, for carrying out these assays. 

*Flavins are adsorbed onto a column of diethylaminoethyl 
cellulose and eluted with phosphate buffer, pH 5.0, which varied in 
concentration from 0.005 to 0.05 m. 
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for the separation of flavins on this adsorbent. In the elution 
profile the dehydrogenase flavin emerged as a single, symmetrical 
peak at a position identical to that of authentic FMN°. 

Descending (16) or circular (17) paper chromatography of 
the dehydrogenase flavin, liberated by treatment with heat and 
acid, was carried out in two solvent systems: (a) n-butanol- 
acetic acid-water (4:1:5, organic phase); or (b) 5% NasHPO.. 
In these systems the dehydrogenase flavin migrated as a single 
spot, visualized under ultraviolet light by its greenish yellow 
fluorescence, and had Ry values identical with those of FMN. 
No separation was observed when the dehydrogenase flavin and 
FMN were admixed before chromatography. When added to 
the intact enzyme before denaturation with heat and acid, FAD 
was recovered quantitatively in the supernatant fraction as 
judged by paper chromatography. The dehydrogenase flavin 
was unaffected by treatment with nucleotide pyrophosphatase 
from snake venom but was degraded by a specific 5’-nucleotidase 
from the green gram plant (18) to yield a product which migrated 
on paper chromatograms with the same Rr value as riboflavin. 

It should be noted that when the dehydrogenase was subjected 
to heat deproteinization at 100° for periods of 1 minute or less 
and the subsequent treatment with acid was also omitted, the 
liberated flavin migrated in the above solvent systems with Rr 
values lower than FMN; however, when eluted from the paper, 
the flavin reacted quantitatively as FMN in the specific TPNH 
cytochrome c reductase assay, described below. Although the 
reason for this anomalous migration is not clear, it is possible 
that the shorter periods of heat denaturation and the omission 
of the acid leaves materials in the supernatant fraction which 
hinder the migration of the flavin. 

With solutions which have been standardized to the same 
molal concentration by their absorbancy at 450 muy, the fluores- 
cence of the dehydrogenase flavin is equal to that of FMN and 
both values are approximately 7 times larger than that of FAD 
(19). Treatment of FMN or the dehydrogenase flavin with 
nucleotide pyrophosphatase did not alter the fluorescence of 
either material whereas, under the same conditions, the fluores- 
cence of FAD increased markedly as it was degraded to FMN. 

Additional proof for the identity of the dehydrogenase flavin 
with FMN was obtained by assaying the material with enzyme 
systems specific for FMN (TPNH cytochrome c aporeductase 
from yeast (20) and for FAD (p-amino acid oxidase coupled with 
lactic dehydrogenase (21)). The dehydrogenase flavin produced 
the same response as an equimolal amount (standardized spec- 
trophotometrically at 450 mu) of FMN in the former system 
and no response in the FAD-dependent system. Flavin analyses 
of the DPNH dehydrogenase by various methods are summarized 
in Table I. These enzymatic assays have been used also to quan- 
titate the amount of acid-extractable FAD (0.08 mymole per 
mg of protein) and FMN (0.12 mymole per mg of protein) in 
the DPNH oxidase preparation from which the dehydrogenase 
was derived. FMN is recovered to the extent of 50 to 60% in 


’The abbreviation used is: FMN, riboflavin 5’-phosphate. 
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the preparation of the soluble DPNH dehydrogenase from the 
particles. 

Following the observation that deproteinized preparations of 
the DPNH dehydrogenase contained only FMN, attempts were 
made to resolve the enzyme reversibly. It was found that 
dialysis of the enzyme against 0.02 m phosphate buffer, pH 7.5, 
for 24 hours caused a progressive loss in activity of the enzyme 
which also paralleled the loss of bound flavin (8); partial reac- 
tivation of the enzyme with added FMN could be demonstrated 
with preparations dialyzed for periods not exceeding 12 hours. 
A rapid, and more satisfactory, resolution was achieved by 
passing the enzyme (6 mg) through a small (1 x 7 em) column 
of Florisil in the cold. Approximately 75% of the protein was 
recovered in the effluent whereas all of the flavin remained ad- 
sorbed onto the column; the latter material could be recovered 
by elution of the column with 5% aqueous pyridine and shown to 
be FMN by paper chromatography. None of the enzyme-bound 
iron is lost by this procedure. The addition of FMN to the 
apoenzyme, prepared in this manner, restored the activity in 
the cytochrome c assay system, asshown in Fig. 1. The Michaelis 
constant (K,) for FMN is 2.3 x 10-4m. The apoenzyme was 
not reactivated by the addition of FAD. The activity of the 
enzyme with indophenol as the terminal acceptor drops sharply 
(from 40 to 3 umoles of DPNH oxidized per minute per mg of 
protein) upon resolution of the flavin and the activity with this 
acceptor is not increased by the addition of FMN. 

Despite the present findings that the DPNH dehydrogenase 
flavin is quantitatively accounted for as FMN in denatured 
preparations and that activity is restored to the reversibly re- 
solved enzyme by FMN, but not FAD, some doubt remains as 
to the identity of the flavin while it is bound to the enzyme. 
For example, with DPNH cytochrome c reductase from_ pig 
heart (9) the prosthetic group was believed to be a flavin di- 


TaBLe | 
Flavin analyses of DPNH dehydrogenase 


Flavin 
(myumoles per mg of protein)* 
Method of estimation Heat- and acid-denatured 
extract 
Intact 
1. Total flavin by reduction 
with hydrosulfitet......... 9.5 8.1 
2. Riboflavin by microbiologi- 
11.0 9.8 
3. FMN by TPNH cytochrome 
4. FAD by pb-amino acid oxi- 
dase-lactic dehydrogenase. . <0.4 0.7 
5. As in Method 4 except that 
0.66 mumole of FAD was 


* For denatured preparations, this value was calculated on 
the basis that all of the flavin was recovered after heat and acid 
treatment. 

+ With a value of Agso (difference of extinction coefficients be- 
tween oxidized and reduced flavin at 450 my) of 11.3 & 103 em? 
per mole. 


DPNH Dehydrogenase Flavin 
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0.30} 
FMN 
>) 
0.205 
Km? 2.310 
$ 
O.10F 
FAD 
0 1.0 2.0 30 40 50 


Flavin concentration (Mx1l073) 

Fig. 1. Assay system for DPNH dehydrogenase consisted of the 
following components placed in a 1.5-ml cuvette: 0.15 umole of 
DPNH, 1.0 mg of cytochrome c, 1000 umoles of phosphate buffer, 
pH 8.5, and flavin as indicated in a total volume of 1.0 ml. The 
blank cuvette contained the same components. The change in 
absorbancy at 550 my was measured in a Beckman model DU spec- 
trophotometer, after addition of 0.01 ml of enzyme containing 6.0 
ug of protein to the experimental cuvette, and was corrected fora 
blank omitting DPNH. Data are expressed as change in absorb- 
ancy at 550 my per minute. 


nucleotide (not FAD) which was readily degraded to a mono- 
nucleotide during deproteinization. More recently, it has been 
reported that both a soluble DPNH dehydrogenase, obtained 
by treatment of beef heart electron transport particles with 
snake venom (22, 23), and a lipoflavoprotein DPNH dehydro- 
genase from beef heart (24), contain only FAD. It is possible 
that the present DPNH dehydrogenase contains bound FAD 
which is readily converted to FMN during deproteinization, 
but our data do not support this hypothesis since every method 
of detaching the flavin (heat, acid, dialysis, adsorption on Florisil, 
or even dilution of the enzyme) leads only to the release of FMN 
and not of FAD. 
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glycerophosphorylethanolamine from 
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Several investigators (1-4) have reported on the occurrence 
of a phospholipid stable to acid and alkali, but which is not a 
sphingolipid. Carter et al. (5) were able to isolate from egg yolk 
phospholipids, which had been subjected to a mild alkaline 
hydrolysis, an a-fatty ether of glycerophosphorylethanolamine. 
Svennerholm and Thorin (6) obtained by an alkaline treatment 
of phospholipids from human and calf brain a compound similar 
in structure to that found by Carter et al. (5) and presented sug- 
gestive evidence that this glycerol ether phospholipid might have 
occurred as a fatty acid ester derivative. In this communica- 
tion, evidence is presented for the occurrence of an a’-alkoxy-f- 
fatty acyl-a-glycerophosphorylethanolamine in bovine eryth- 
rocytes. The preparation of this compound, free of any diacyl 
analogues, was effected through a short term alkaline treatment 
of the ethanolamine phospholipid fraction. 

In an investigation of the chemistry of the phospholipids of 
bovine erythrocytes, we noted that the “phosphatidylethanol- 
amine” fraction had a fatty acid ester to P value in a range from 
1.20 to 1.30 but contained no lysophosphatidylethanolamine and 
less than 2% vinyl ether plasmalogen. It has now been estab- 
lished that these results can be attributed to the presence of 
a’-glycerol ether containing phospholipids of the following 
structure: 


* Aided by grants from the Life Insurance Medical Research 
Fund and the National Science Foundation. 
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in which R; and R: are long chain alkyl groups. 


Furthermore, 
it has been shown that the above compound can be obtained free 
of the usually encountered diacyl derivative (phosphatidyl- 
ethanolamine) through rapid attack by a chloroform-methanol 
(1:10, volume for volume) mixture which was 0.45 N with re- 


spect to NaOH, at low temperature. The “phosphatidyl- 
ethanolamine” fraction used in these experiments was isolated 
from bovine erythrocyte by a previously described technique (7). 
Certain of its chemical characteristics are described in Table I. 

The presence of a glycerol ether in the phosphatidylethanol- 
amine fraction, as well as in the more purified component 
Fraction IV (Table I), was established as follows. ‘‘Phospha- 
tidylethanolamine,’”! 1098 mg, was subjected to an acetolysis 
essentially as described by Bevan et al. (9), and the mixture 
was diluted with 2 volumes of water and extracted twice with 2 
volumes of diethyl ether. The diethyl ether extract, which 
showed a deep infrared absorption band at9.0 u (expected for glyc- 
eryl ethers (5)) and contained no phosphorus, was refluxed in 1 N 
ethanolic KOH for 2 hours, then extracted with diethyl ether. 
This latter extract, which weighed 317 mg, had an infrared pat- 
tern expected for a glycerol ether, except for the presence of a 
weak absorption band at 5.85 u. This latter band was probably 
due to contaminant, nonesterified fatty acids which could be 


TaBLe I 
Chemical composition of ‘‘phosphatidylethanolamine”’ fraction of 
bovine erythrocytes and phospholipids present after short 
term deacylation 
Phospholipid was subjected to a 3-minute reaction at 10° with a 
chloroform-methanol-0.5 n NaOH mixture. Details are provided 
in the text. 


Fatty |piasma- 
| Todin 
P N N:P 
% 
‘‘Phosphatidylethanol- 
4.06 | 1.85 | 1.00 | 1.22 | 0.03 | 67.1 
Products isolated by si- 
licie acid chromatog- 
raphy 
Fraction FY .......... 4.06 | 1.91 | 1.03 | 0.99 | Nil | 65.0 
Practien Vi....<...0:s.<.+.- 5.56 | 2.60 | 1.03 | 0.25 | Nil | 30.4 


*See Footnote 1. Assayed by its infrared absorption at 5.75 u 
with triolein as a standard. 

t Assayed by the potentiometric method of Norton (8). 

t Several other experiments have resulted in a Fraction V with 
a lesser fatty acid ester to P value (0.10) and with a concomi- 
tantly higher P value (e.g. 6.5 to 6.7%). 


1 The fatty acid ester to P molar ratio of 1.22 of this fraction 
could be considered as a mixture of 23% of a diacyl phospholipid 
and 77% of an a’-alkoxy-8-fatty acyl phospholipid. 
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removed by chromatography on silicic acid. Hexane-diethy] 
ether (25%) eluted the contaminant and hexane-diethyl ether 
(75%) eluted the glycerol ethers. The latter fraction had an 
infrared spectrum identical with a known glycerol ether, batyl 
alcohol, yield, 250 mg. It consumed 0.99 mole of periodate per 
mole of substance in 60 minutes and had an iodine number of 25. 
Samples of the glycerol ether were treated with periodate for 
60 minutes, excess periodate destroyed, and extracted with 
chloroform. The water-soluble fraction gave, in approximately 
75% yield, formaldehyde (as its dimedon derivative; m.p. 189°); 
the chloroform-soluble fraction readily formed a dinitropheny]- 
hydrazone, and also a semicarbazone. 

An a@’-alkoxy-8-fatty acyl-a-glycerophosphorylethanolamine 
could be obtained from the ‘“phosphatidylethanolamine”’ frac- 
tion through use of a modification of the deacylation procedure 
of Hiibscher et al. (10). Briefly, this operation was carried out 
at 10° as follows: 2200 mg of the “phosphatidylethanolamine” 
fraction (Table I; 88 mgof P) in 20 ml of CHCl; were mixed with 
200 ml of 0.5 n NaOH in methanol and allowed to react with 
stirring for 3 minutes. The pH was adjusted within 20 seconds 
to 6.85 by rapid addition of 6N HCl. The reaction mixture was 
concentrated under reduced pressure at 30° to approximately 10 
ml and then extracted twice with 10 volumes of CHCl;. The 
turbid chloroform layer was washed once with 0.2 volume of 
water, cleared by storage at 4° for 3 to 4 hours. It was then 
evaporated to dryness under reduced pressure and dissolved to 
volume in chloroform. The latter fraction contained 82% of 
the added P (N:P, 0.98), whereas the water-soluble fraction 
contained 14% (N:P, 1.04; periodate uptake, 1.02 moles per 
mole of P). These results indicated that the deacylation had 
proceeded with primary attack on the diacyl phospholipids.* 
A more complete support for this conclusion was obtained 
through chromatography of the chloroform extract on silicic acid. 
Elution with chloroform removed the methyl esters (formed by 
methanolysis), chloroform-methanol, 4:1 (volume for volume) 
removed two small, colored peaks of low P content followed bya 
major peak containing 80% of the added P, (this was labeled 
Fraction IV) and finally chloroform-methanol, 1:4 (volume for 
volume) removed the component containing 15% of the added P 
(Fraction V). Nearly 96% of the P applied to the column was 
recovered, and analytical data on Fractions IV and V are re- 
corded in Table I. Fraction IV is considered to be a’-alkoxy- 
B-fatty acyl-a-glycerophosphorylethanolamine, and Fraction V 
is predominantly a fatty acyl-free glycerol ether derivative, sim- 
ilar to that described by Carter et al. (5) and Svennerholm and 
Thorin (6). A short term acid hydrolysis (2 n HCl for 1.5 
hours) of Fraction IV yielded fatty acids (unsaturated types 
only), free ethanolamine and glycerol ether phosphate in the ex- 
pected amounts. 

This study shows that a’-alkoxy phospholipids occur in bovine 
erythrocytes and are associated primarily with the “phosphatidyl- 
ethanolamine” fraction. The biochemical relationship of these 
a’-alkoxy phospholipids to the vinyl ether plasmalogens and to 
the vinyl ether glycerides (11) provides a most interesting avenue 
of exploration. 


2 Although this reaction has been tried to a limited extent on the 
‘‘phosphatidylethanolamine”’ fraction of human erythroctyes 
(which contains vinyl ether plasmalogens), no unique purification 
of the plasmalogens has resulted. 
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We have observed profound changes in the oxygen affinity, 
the Bohr effect, and other characteristics of human hemoglobin, 
after digestion with carboxypeptidase A or B, or with both 
together. 

The hydroxyl-terminal sequences of the a and B chains of 
human hemoglobin may be tentatively written as follows (1, 2); 


a chain: -Thr-Ser-Lys-Tyr-Arg 
8 chain: -Ser-Ala—His—Lys-Tyr-His 


We might thus expect carboxypeptidase A to act selectively on 
the 8 chains, carboxypeptidase B to act selectively on the a 
chains, and the joint action of the two enzymes together to 
exceed the sum of their actions separately. That these expecta- 
tions are indeed fulfilled will be apparent from the results given 
in Table I. In no case does CPA! alone liberate any arginine, 
the hydroxy]-terminal residue of the a chains; nor does CPB alone 
liberate any histidine, the hydroxyl-terminal residue of the B 
chains. Apparently, CPA removes the last two residues, histi- 
dine and tyrosine, of the 6 chains, after which action nearly stops; 
similarly, CPB removes the last three residues, arginine, tyrosine, 
and lysine, of the a chains, after which it also comes to a stop? 


1 The abbreviations used are: CPA, carboxypeptidase A; CPB, 
carboxypeptidase B. 

2 The results obtained on May 22 are to a degree an exception; 
the prolonged digestion with a high concentration of CPA led to 
values for histidine and tyrosine greater than 1, as well as to 
exceptionally high values for ‘‘other’’ residues; on the other hand, 
the usual 4-hour digestion with CPB failed to liberate the expected 
amount of tyrosine. 
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TaBLeE I 
Results of digestion of native hemoglobin with carboxypeptidases at 30°, pH 8 
After digestion, the solutions were extracted with trichloroacetic acid, and the extracts, after removal of the acid, were made 0.2 


nin sodium citrate, pH 4. The amino acids were then determined by ion exchange chromatography (9). 


ing known amounts of free amino acids to the digests. 
are corrected for these recovery factors. 


Controls were run by add- 


Recoveries in all cases were better than 90%; the figures given in the tables 


| No. of amino acid residues liberated per a8 unit 
Date* Enzymet ae Digestion ( 000) 
His Tyr Arg Lys Others 
g min 
CPA Mar 3 (5) wi 1/20 90 0.48 0.45 0 0 0 
135 0.70 0.65 0 0 0 
195 0.93 0.88 0 0.06 0.28 
Apr 23 (14) $1 1/23 180 0.98 1.00 0 0.03 0.26 
+1/23 +180 1.01 1.04 0 0.08 0.59 
May 22 W2 1/25 240 
+1/25 +180 
+1/25 +240 1.45 1.58 0 0.26 4.26 
June 2 W2 1/25 240 0.81 0.81 0 0.11 1.47 
CPBt Mar 18 (6) 1/135 150 0 0.93 0.96 0.84 0.21 
Mar 20 (9) 1/100 60 0 0.96 1.02 0.90 0.28 
Apr 23 (15) 1/215 180 0 0.99 1.01 0.97 0.27 
+1/215 +180 0 0.97 0.97 1.01 0.53 
May 22 (18) 1/100 240 0 0.16 0.83 0.23 0.52 
June 2 (21) 1/100 240 0 0.34 0.90 0.41 2.17 
CPA + CPB Apr 11 (12) wi 1/30 1/110 210 1.79 1.78 0.98 2.05 0.75 
Apr 23 (16) $1 1/23 1/215 180 | 1.90 lost 1.63 0.54 
+1/23 +1/215 +180 1.06 1.94 lost 1.80 1.65 
May 22 (19) Ww2 1/12.5 1/100 420 1.24 1.38 0.91 1.23 1.05 
June 2 (22) W2 1/25 1/90 240 
+1/25 +1/90 +240 1.40 2.03 0.93 1.78 5.22 
* Numbers identify digestion. 
+ W = Worthington; S = Sigma; numbers refer to lot. 
¢ CPB was prepared from swine pancreas by the method of Folk et al. (8). 
The results of the double digestion by CPA + CPB are less TaBLe II 
tlear-cut. Although there is no doubt that under the joint Sedimentation constants of native and modified hemoglobins 
action of the two enzymes two lysine residues are liberated per 
half molecule, in one experiment nearly two histidines (pre- Compound Solvent pH tration of $20,w 
sumably the second being the fourth residue of the 8 chain) solvent 
were liberated, whereas in another only one histidine was found. pe 
These inconsistencies, however, are relatively minor. 4.40 
Each of the three digestions, whether with CPA, CPB, or ypcpa ..___.......... NaCl Neutral | 0.03 4.60 
CPA + CPB, gives a product which appears to be monodisperse HbCPB............... Phosphate | 7.0 0.05 | 4.30 
in the ultracentrifuge and has a sedimentation constant essen- HbCP(A + B)........| Phosphate 7.0 0.02 4.44 
tially the same as that of normal hemoglobin (Table IT). There 
is, thus, no indication of a change of molecular weight. Measure- 


ments with the Beckman model DK 1 recording spectrophotom- 
eter show that within the reproducibility of the tracings all 
three products have the same spectrum as normal hemoglobin in 
the visible, both in the oxygenated and deoxygenated form. All 
three digests have now been crystallized from ammonium sulfate 
at 0°. Experiments on the CPA and CPA + CPB products 
with moving boundary electrophoresis at pH 6.8 gave a single 
peak. We may, therefore, at least in the case of the better 
experiments, regard the end product of each type of digestion as 
a fairly definite modification of the hemoglobin molecule. We 


shall, for convenience, refer to the three products as HbCPA, 
HbCPB, and HbCP(A+B). 

Certain aspects of the physicochemical behavior of these 
modified hemoglobins have now been studied: (a) the oxygen 
equilibrium; (6) the kinetics of dissociation of the oxygen com- 
pounds; (c) the number of titratable —SH groups. Observa- 
tions on acid and alkaline denaturation, heat stability, and 
titration curves have also been made. 

All three modified hemoglobins (CPA, CPB, and CPA + CPB) 
show dramatic and highly characteristic changes in the oxygen 
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Fic. 1. Values of log p; as a function of pH for normal and 
digested hemoglobins. Hb concentration, ~ 3 g per liter. Buff- 
ers: 0.4 M acetate, pH 4.5 to 5.7; 0.2 m phosphate, pH 5.5 to 8.2; 
0.2 phosphate-NaOH, 0.05 m borate, or 0.4 m glycine-NaOH, pH 
8.2. 


equilibrium; in each case a defitiite end point is approached as 
digestion proceeds. Indeed, the functional end point seems to 
be more definite and reproducible than the chemical one. The 
changes in the oxygen equilibrium, measured by methods 
previously reported (3), may be described conveniently and with 
sufficient accuracy in terms of the two parameters p ,; and n of the 
familiar empirical Hill equation 


y = (p/py)"/[l + (p/py)") 


Here, y is the fractional saturation of the hemoglobin with oxygen; 
p, the partial pressure of oxygen; and n, a dimensionless exponent 
representing in an over-all way the stabilizing interactions be- 
tween the oxygen-binding sites; p; is the value of p at which y 
= }. At pH 7, the final value of p; for HbCPA is about 35 
that of normal hemoglobin (A log p; = —1.5), and the value of 
n is unity as compared with 2.8 or 2.9 in normal hemoglobin. 
In fact, the molecule resembles myoglobin except that its oxygen 
affinity is about 3 times greater. At the same pH, HbCPB 
has a value of p; about 0.1 that of normal hemoglobin (about 
the same as myoglobin) but, in striking contrast to HbCPA, it 
retains a value of n only slightly less than that of normal hemo- 
globin, namely, about 2.7. In HbCPB therefore the interac- 
tions remain essentially unchanged. The double digestion with 
CPA and CPB gives rise to a form which, like HbCPA, has a 
value of n of exactly 1, but which shows an even higher oxygen 


Taste III 
Values of kinetic dissociation constant 


Hemoglobin concentration 0.5 g per liter; buffer at pH 7; 0.1 m 
phosphate buffer at pH 9.1; 0.05 m borate. 


Values of k, sec™, at 21° + 0.3 
Substance 
pH7 pH 9.1 
16 11 
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affinity, p; at pH 7 being about 0.02 that of normal hemoglobin 
(A log py = —1.7). Whenever the effects of the digestion with 
CPA or CPA + CPB were followed in time, it was observed? 
that the drop of n occurred more rapidly than that of p;. This 
suggests that the critical event as regards the drop of n in 
HbCPA and HbCP(A + B) may be simply the removal of the 
terminal histidine from the B chains. Similarly, the fact that 
in the experiment of May 22 digestion with CPB led to the full 
functional end point although only a small amount of tyrosine 
had. been detached suggests that the critical event in this process 
is the removal of the terminal arginine from the @ chains. 

An extensive study was made of the Bohr effect, which may be 
described in terms of the relation between log p; and pH, 
provided the shapes of the oxygen equilibrium curves are inde- 
pendent of pH. Measurements were made at both 20° and 
30°. For HbCPA and HbCP(A+B), it was found that the 
curves are strictly invariant in shape (with n = 1) for all changes 
of pH; so also (within the errors of measurement) are the curves 
for normal Hb, in accordance with what has been found pre- 
viously for such other mammalian hemoglobins as have been 
studied.4 For HbCPB, the curves are nearly, if not quite, in- 
variant in shape, although there may be a slight tendency, 
doubtful in view of the scatter of the observations, for n to be 
less at pH 9 than at pH 7 (and also less at 30° than 20°). This 
invariance makes it possible to present the results of the study 
in terms of a graph of log p; as a function of pH (Fig. 1). 

Fig. 1 shows that the Bohr effect is of the same magnitude in 
HbCPA as in HbCPB, notwithstanding the profound difference 
of n between the two, and is about 4 as great as in normal hemo- 
globin. In HbCP(A+B) it is almost if not wholly lacking. 

From the observed variation of log p; with temperature the 
following values of AH, the average value of the heat of dissocia- 
tion of a single mole of oxygen, were calculated: HbCPA, 
—10,500; HbCPB, —12,500; HbCP(A+B), —12,000 cals. For 
native hemoglobin, the value (corrected for the heat of dissociation 
of the oxygen-linked protons) is about —12,000 (4). 

Some kinetic measurements on the dissociation of oxygen from 
each of the three modified hemoglobins have now been made with 
a Gibson stopped flow apparatus (5), using dithionite as an 
oxygen absorber. In each case the reaction was found to be a 
strictly first order process over the observed range, rom 95 
to 20% saturation. Control measusements were also made on 
normal hemoglobin. Values of the dissociation constant ob- 
tained at pH 7 and pH 9 are as follows. 

It will be seen that of the great increase of oxygen affinity 
observed at pH 7 for all three of the modified hemoglobins only 
a small part can be attributed to an effect on the dissociation 
constant; at pH 9, virtually none can be. The rather small 
effects of pH on k show that the equilibrium Bohr effect observed 
in HbCPA and HbCPB is considerably greater than can be ex- 
plained in terms of a change in the kinetic dissociation constant 
alone. (Compare (6)). 

We determined the number of free —SH groups present in 
HbCPA, HbCPB, HbCP(A+B), and native hemoglobin by 


‘3 In the early stages of the digestion, however, the values of n 
obtained from plots of log [y/(1-y)] versus log p generally varied 
with the degree of oxygenation, tending to be higher at large 
values of y. 

‘ In his most precise measurements, Roughton (7) finds evidence 
that the successive equilibrium constants of normal sheep hemo- 
globin are differently affected by pH. 
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spectrophotometric titration with p-mercuribenzoate, in a 
In all four cases, the number 
of free —SH groups observed was 2 per molecule (68,000) to 
within +5%. 

We have also studied the rates of denaturation, by acid, alkali, 
and heat of native hemoglobin, and of the three modified forms. 
The results, which will be reported in detail later, show no striking 
differences. Likewise, the titration curves of the native and 
modified forms show no indication of the unmasking of any 
substantial number of titratable groups in the various digestion 
products. 

Observations on Myoglobin—When human myoglobin is 
subjected to the same digestions with CPA and CPB as hemo- 
globin, there is, as would be expected, no change in n, which is 
already equal to unity. More striking is the fact that there is 
either no change at all, or at most only a slight change, in p; 
This is to be contrasted with the 30-fold decrease 
in p; which occurs in the case of hemoglobin. Although no 
quantitative amino acid determinations were made on the myo- 


_ globin digests, paper chromatography showed that in each case 


considerable quantities of amino acids had been liberated. 
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Although Stadie et al. (1, 2) have presented evidence for a 
binding of insulin to muscle tissue, the chemical nature of this 
attachment is not known. Recent studies on the binding of the 
neurohypophyseal hormones(vasotocin, vasopressin, and oxytocin) 
to the isolated amphibian urinary bladder (3, 4) and the mam- 
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malian kidney (5) have indicated that these hormones are 
probably bound to these tissues by means of a disulfide bond 
formed as a result of an interaction between a receptor sulfhydry] 
group and the disulfide bridge of the hormone. Because of the 
similarity between the intrachain disulfide-closed ring of insulin 
and the disulfide-closed ring of the neurohypophyseal hormones, 
a study was undertaken to determine whether or not insulin is 
also bound to tissues by a similar reaction. This report is the 
first phase of this study, and is concerned with the effect of 
N-ethylmaleimide, a sulfhydryl blocking reagent, upon the 
binding and activity of insulin on the isolated perfused rat heart. 

Hearts from Sprague-Dawley rats, fasted about 18 hours, 
were perfused by the apparatus and methods described pre- 
viously (6). In atypical experiment, the hearts were first washed 
free of blood by perfusion with Krebs-Ringer bicarbonate buffer 
for 2 minutes at 37°. The perfusion was then shifted for 30 
seconds to buffer containing EM! in a concentration of 1 x 10-* 
M. This was then washed out by perfusion with plain buffer 
for 2.5 minutes, a time sufficient to remove more than 95% of a 
substance the size of EM from the extracellular fluid (6). Per- 
fusion was then begun with a medium containing the test sugar 
either with or without insulin. Controls were subjected to a 
preliminary perfusion without EM. 

This exposure to EM usually caused a slight weakening in the 
force of contraction and a slowing of the heart rate, but did not 
produce any change in perfusion flow or pressure. Perfusion 
with EM for longer periods of time resulted in a progressive loss 
of mechanical activity and increased accumulation of intracellular 
glucose. 

The effects of pretreatment with EM were studied by three 
different methods for estimating the transport of sugar (6, 7). 
The results are recorded in Table I. 

In Experiment A, transport was estimated by the rate of 
utilization of glucose from a glucose-poor medium (50 mg/100 
ml), a circumstance in which transport becomes the rate-limiting 
step for utilization (6). Pretreatment with EM caused an 80% 
inhibition of the insulin-accelerated utilization but had no 
significant effect upon utilization in the absence of insulin, nor 
did it cause the intracellular accumulation of glucose under any 
condition. 

Witha high concentration of glucoseinthe medium (800 mg/100 
ml) higher rates of transport can be obtained, and with insulin 
present, substantial quantities of glucose accumulate inside the 
cell owing to the rapid penetration of the sugar relative to the 
rate of intracellular phosphorylation (6). This insulin-de- 
pendent intracellular accumulation of glucose was virtually 
abolished by pretreatment with EM (Experiment B, Table J), 
indicating a substantial reduction in transport rate. 

L-Arabinose is transported by the same system as glucose (7), 
but is not phosphorylated. Its intracellular accumulation is a 
third method of estimating insulin-dependent transport. As 
shown in Experiment C, Table I, pretreatment with EM greatly 
reduced transport of L-arabinose in the presence of insulin. 

To test whether exposure to insulin would prevent the sub- 
sequent effect of EM, rats were given intravenous injections of 
about 60 yg of insulin per 100 g of weight 10 minutes before the 
hearts were removed. The tissue was then exposed to EM and 
insulin. As seen in Experiment D, Table I, no significant in- 
hibition of transport was produced by EM under these conditions. 


1 The abbreviation used is: EM, N-ethylmaleimide. 
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TABLE 
Effect of N-ethylmaleimide and insulin on the transport of glucose 
and L-arabinose in the perfused rat heart 

Hearts were treated with EM as described in the text. Per- 
fusions were carried out for 20 minutes with glucose and for 10 
minutes with L-arabinose at 37°. The methods for estimation of 
intracellular sugar have been described (6). The number of 
hearts tested is given by the figure in parentheses. 


v= 
& | 
mg/¢/hr-! mg/100 ml 
A | Glucose, 50mg/ | — | — |3.05+0.8(7) | None detected 
100 ml +} — |2.70+0.9(7) | None detected 
— | + |8.22 + 0.3 (13) | None detected 
+ | + |4.05 + 0.2 (22) | None detected 
B_ | Glucose, 800mg/} — | + | Not measured | 370 + 30 (9) 
100 ml + | + | Not measured| 22 + 17 (6) 
C | u-Arabinose, —-;c+ None 160 + 7 (8) 
200 mg/100 ml + | None 34 + 17 (7) 
D* | Glucose, 50mg/ | — | + | 7.0 + 0.4 (7)| None detected 
100 ml + + | 7.0 + 0.5 (7)| None detected 


* Rats pretreated with insulin. 


TaBLe II 


Effect of N-ethylmaleimide on the binding of 
I-3\-{nsulin in the perfused heart 

Treatment of the hearts with EM and insulin has been described 
in the text. I'-insulin was generously prepared and purified 
for us by Dr. 8S. Berson and had an initial activity of about 100 
ue perug. It was diluted with carrier insulin before use to a con- 
centration of 3 ug per ml with an activity of about 7000 counts 
peryug. Radioactivity in the hearts was estimated after digestion 
of the tissue in 0.1 N NaOH at 100°. Radioactivity was measured 
in a well scintillation counter. 


EM Radioactivity of tissue 
cts/min/g us/g 

2650 0.38 

2790 0.40 

+ 1235 0.18 

+ 1483 0.21 


To determine whether pretreatment with EM would prevent 
the binding of [*!-insulin, hearts were exposed to EM and then 
perfused with labeled insulin for 2 minutes, followed by plain 
buffer for 15 minutes. The washings were collected at intervals 
of 1 to 2 minutes and the radioactivity was estimated. After 
the first 5 minutes the counts fell to near background levels, 
suggesting that any insulin remaining in the heart was firmly 
bound. Residual radioactivity in the tissue was then estimated 
(Table II). Pretreatment with EM reduced the tissue-bound 
radioactivity from approximately 0.4 to 0.2 ug per g. 

The present data indicate that the perfusion of the isolated 
rat heart with 10-3 m EM for short periods of time abolishes or 
greatly diminishes the insulin-dependent transport of glucose 
and L-arabinose without interfering detectably with intracellular 
glucose phosphorylation and with production of only minimal 
changes in the mechanical activity of the beating heart. 
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In addition, EM perfusion was found to reduce significantly 
the binding of insulin (as measured with I'*!-labeled insulin) to 
this tissue. 

These results suggest that insulin, like the neurohypophyseal 
hormones, may be bound to tissues by means of a disulfide 
bond, presumably resulting from a thiol-disulfide interchange 
reaction between a receptor sulfhydryl group and a disulfide 
bond in insulin. Although Smyth e¢ al. (8) have shown that 
EM reacts with groups other than sulfhydryl, it would still 
seem likely that a sulfhydryl group is involved in the present case 
because of the rapid rate of the reaction with this low dose 
of EM. An alternate possibility is that a secondary modifica- 
tion of receptor-protein structure occurs, after reaction with 
EM (9), which deforms the receptor site sufficiently to cause 
lack of insulin binding. Further studies are necessary to 
determine the exact nature of the insulin-receptor interac- 
tion. 
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We report here some results of a recent investigation of the 
pepsin-catalyzed hydrolysis of poly-a,t-glutamic acid. These 
studies have shown that: (a) pepsin catalyzes the hydrolysis of 
glutamyl-glutamyl bonds in high molecular weight poly-a,t- 
glutamic acid; (6) pepsin catalyzes the hydrolysis of these bonds 
when the substrate is composed of L-residues, predominantly in 


* This is the 35th in a series of articles on polypeptides. For 
the preceding paper in this series see Blout et al. (1). 

+ This work was supported by the Office of the Surgeon General, 
Department of the Army. 

t Alternate address of E. R. Blout, Chemical Research Labora- 
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the a-helical form (2); (c) pepsin does not hydrolyze a very short 
chain of L-glutamy] residues; and (d) pepsin does not hydrolyze 
high molecular weight poly-a,p-glutamic acid. 

Several previous investigations of the action of enzymes on 
synthetic polypeptides have been reported (3-9) which have 
been in accord with the criteria established for these enzymes on 
small synthetic substrates (10-12). However, recently there 
have been some reports of enzymatic hydrolyses (13-15) which 
do not fit the previously accepted specificity criteria. 

Our work has shown that pepsin hydrolyzes the a-helical form 
of high molecular weight poly-a,t-glutamic acid (estimated 
weight-average molecular weight, MW, 51,000; degree of poly- 
merization, DP, ~ 400). The initial proteolysis is at least in 
part nonterminal, since there is a sharp decrease in viscosity 
within 20 minutes. During this period several ninhydrin-posi- 
tive fragments are produced; paper chromatography with 4:1:5 
butanol-acetic acid-water as solvent led to the identification of 
two of the smaller fragments as glutamic acid and its dimer.! 
Upon longer proteolysis larger amounts of smaller fragments 
are observed. Some of the ninhydrin-positive fragments move 
more rapidly than the dimer, which in turn has an Ry greater 
than that of the monomer. These fast moving components are 
probably trimers, tetramers, and larger fragments. 

Since high molecular weight poly-a,t-glutamic acid is not 
soluble in water at very low pH values, our experiments were 
performed at pH 4.18 and the pepsin, buffered in 1 N acetate 
buffer, was therefore acting at a pH very far from its optimal 
pH of 2 (16). At pH 4.18 it was possible to measure the rate of 
hydrolysis by the ninhydrin method of Moore and Stein (17) 
(Fig. 1). The rate constant, k, of the hydrolytic reaction was 
proportional to the enzyme concentration, its value being 1.1 
+ 0.1 X 10-? uwmoles of glutamic acid liberated per minute per 
mg of pepsin per ml for theconditions employed (0.059 m glutamyl] 
residues in 0.18 n NaCl containing 0.09 m acetate buffer at 37.9°). 
The value of & is approximately proportional to the substrate 
concentration, being 3.9 + 0.4 X 10-* umoles per minute per mg 
of pepsin per ml for a solution 0.023 m in glutamy] residues in 
the same solvent system. Preliminary experiments show that 
the rate constant decreases if the buffer concentration is increased. 
Under the same conditions hemoglobin is hydrolyzed by pepsin 
at a rate of 2.46 uwmoles of tyrosine liberated per minute per mg 
of pepsin per m] as measured by a modified Anson technique (18). 

Under the conditions used for the hydrolysis of high molecular 
weight, poly-a,t-glutamic acid, a,t-glutamyl-t-glutamic acid 
was not hydrolyzed. Also, no hydrolysis was observed with a 
very low molecular weight poly-a,t-glutamic acid 


7-1 = 0.03, estimated DP,., < 8) 


as substrate, but with an intermediate molecular weight poly- 
a,u-glutamic acid (DP, ~ 50) hydrolysis was observed. The 
minimum DP,, for pepsin hydrolysis has not yet been determined. 

We conclude from the experiments described here that poly- 
L-glutamic acid is hydrolyzed by pepsin. Although high molec- 
ular weight poly-a , L-glutamic acid is essentially helical at pH 4.18 
according to optical rotation (2), optical rotatory dispersion (19) 
and deuterium exchange (20) studies, it is not totally uncharged 
at pH 4.18 and the helix may possibly be disrupted where COO- 
groups occur. Our results do not indicate whether the attack 
takes place at such possible “helical junctions” or in the com- 


1 We are indebted to Drs. G. W. Anderson and R. B. Angier of 
the Lederle Laboratories of American Cyanamid Company for a 
sample of a,L-glutamyl-L-glutamic acid used in these studies. 
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Fia. 1. Specific rate constant, k, for the hydrolysis of poly- 
a,L-glutamic acid: Initial substrate concentration = 0.059 m 
(glutamyl residues) in 0.18 N NaCl, 0.091 m acetate buffer, at 
pH 4.18, 37.9°. © and © are two representative series of data. 


pletely helical uncharged portion of the molecule. It is not yet 
clear whether the nonreactivity of the polymers with a very low 
degree of polymerization is due to charged end groups, as may 
also be the case in the papain hydrolysis of polyglutamic acid 
(9), or whether it is due to the absence of helix. One interpreta- 
tion of the results of the pepsin-catalyzed hydrolysis of high 
molecular weight poly-a,t-glutamic acid is that some helix is 
necessary. 
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